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B a c k g r o u n d   of  t h e   I n v e n t i o n  

F i e l d   of  t he   I n v e n t i o n  

T h i s   i n v e n t i o n   r e l a t e s   to   a  m e t h o d   of  e n h a n c i n g   a n d  

c o n t r o l l i n g   t h e   s o l u b i l i t y   of  a  l i t h i u m   s a l t   in  l i q u i d  

s u l f u r   d i o x i d e .   More  p a r t i c u l a r l y ,   t he   i n v e n t i o n   r e l a t e s  

to  a  m e t h o d   of  i n c r e a s i n g   t h e   s o l u b i l i t y   of  l i t h i u m   s a l t s  

in  a  s u l f u r   d i o x i d e - b a s e d   s o l v e n t   s y s t e m ,   w h i c h   m e t h o d  

i n v o l v e s   t h e   a d d i t i o n   of  a  s o l u b i l i t y - e n h a n c i n g   a d d i t i v e  

c o m p r i s i n g   a  s a l t   wh ich   c o n t a i n s   a t   l e a s t   one  c a t i o n  

s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,  

q u a t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c   p h o s p h o n i u m  

c a t i o n s .  

D e s c r i p t i o n   of  t he   P r i o r   A r t  

R e c e n t l y ,   much  e f f o r t   has   b e e n   e x p e n d e d   in  t h e  

d e v e l o p m e n t   of  a m b i e n t   t e m p e r a t u r e ,   h i g h   e n e r g y   d e n s i t y  

c e l l   s y s t e m s   w h i c h   p r o v i d e   b o t h   h i g h e r   v o l t a g e s   and  h i g h e r  

t o t a l   c a p a c i t i e s   ( v o l u m e t r i c   and  g r a v i m e t r i c )   t h a n   t h o s e  

of  t h e   known  L e c l a n c h e   or  a l k a l i n e   c e l l s   h a v i n g   zinc  a n o d e s .  

The  h i g h   e n e r g y   d e n s i t y   c e l l   s y s t e m s   a r e   c e n t e r e d   a r o u n d  

t he   u se   of  a c t i v e   m e t a l s   ( m e t a l s   a b o v e   h y d r o g e n   in   t h e  

EMF  s e r i e s   w h i c h   a r e   u n s t a b l e   in  a q u e o u s   e n v i r o n m e n t s )  

as  a n o d e s   in  n o n - a q u e o u s   s o l u t i o n   c e l l s .   As  u s e d   h e r e i n ,  

" n o n - a q u e o u s "   i s   i n t e n d e d   to  mean  s u b s t a n t i a l l y   a n h y d r o u s .  
The  need   fo r   h i g h   e n e r g y   o u t p u t   w i t h   low  w e i g h t  

r e q u i r e s   t h e   use   as  t he   e l e c t r o d e s   of  a c t i v e   m e t a l s   a n d ,  

in  p a r t i c u l a r ,   a c t i v e   m e t a l s   h a v i n g   low  e q u i v a l e n t   w e i g h t s .  

The  a l k a l i   m e t a l s   q u a l i f y   in  t h e s e   r e s p e c t s .   H o w e v e r ,  

s i n c e   t h e   a l k a l i   m e t a l s   a r e   g e n e r a l l y   r e a c t i v e   in  e l e c t r o l y t e  

s y s t e m s   c o n t a i n i n g   w a t e r ,   a c i d s ,   a l c o h o l s ,   or  o t h e r   p r o t o n -  

d o n a t i n g   s o l v e n t s ,   t h e s e   l i q u i d s   must   be  r e p l a c e d   b y  



s o l v e n t s   i n c a p a b l e   of  u n d e r g o i n g   p r o t o l y t i c   r e a c t i o n s   w i t h  

such  m e t a l s .   A  c o n t i n u i n g   p r o b l e m   in  the  c h o i c e   of  s u c h  

s o l v e n t s   i s   t he   t e n d e n c y   to  c o - r e d u c t i o n   of  s a i d   s o l v e n t s  

d u r i n g   the   r e d u c t i o n   of  a l k a l i   m e t a l   i o n s   to  the   f r e e  

m e t a l .   Thus ,   i t   w i l l   r e a d i l y   be  a p p a r e n t   t h a t   not   o n l y  

must   the   s o l v e n t   be  m i s c i b l e   w i t h ,   and  p r o m o t e ,   t h e  

e l e c t r i c a l   c o n d u c t i v i t y   of  t h e   s u p p o r t i n g   e l e c t r o l y t e  

s a l t ,   but   i t   mus t   a l s o   r e m a i n   s u b s t a n t i a l l y   c h e m i c a l l y  

i n e r t   to  the   e l e c t r o d e s   and  e l e c t r o l y t e   d u r i n g   s t o r a g e  

as  w e l l   as  d u r i n g   o p e r a t i o n   of  t he   e l e c t r o c h e m i c a l   s y s t e m .  

In  l i k e   m a n n e r ,   t h e   e l e c t r o l y t e   mus t   be  c h e m i c a l l y   i n e r t  

w i t h   r e s p e c t   to  t h e   e l e c t r o d e s .  

V a r i o u s   c e l l   s y s t e m s   have   been   d e v e l o p e d   u t i l i z i n g  

l i t h i u m   as  t he   a n o d e   e l e c t r o d e   m a t e r i a l .   Those   s h o w i n g  

p r o m i s e   in  the   t e r m s   of  v o l t a g e   s t a b i l i t y   and  h i g h  

d i s c h a r g e   c a p a b i l i t y   have   f l u i d   c a t h o d e   d e p o l a r i z e r s   w h i c h  

a l s o   g e n e r a l l y - s e r v e   t he   f u n c t i o n   of  a  s u p p o r t i n g  

e l e c t r o l y t e   s a l t   s o l v e n t .   When  a  c e l l   of  t h i s   t y p e   i s  

not   b e i n g   d i s c h a r g e d ,   t h e   f l u i d   d e p o l a r i z e r / s u p p o r t i n g  

e l e c t r o l y t e   s o l u t i o n   r e a c t s   w i t h   t he   a n o d e   m e t a l   to  a  

l i m i t e d   e x t e n t   w i t h   a  p r o t e c t i v e   f i l m   c o a t i n g   b e i n g   f o r m e d  

on  the   s u r f a c e   of  t h e   a n o d q .   F u l l   r e a c t i o n   b e t w e e n   t h e  

a n o d e   and  the   f l u i d   d e p o l a r i z e r   w i t h   w h i c h   i t   i s   in  c o n t a c t  

i s   t h e r e b y   s u b s t a n t i a l l y   p r e v e n t e d   and  c e l l   s e l f - d i s c h a r g e  

is   l i m i t e d .  

To  d a t e ,   t h e   a c t i v e   m e t a l   b a t t e r y   a r t   has   u n i f o r m l y  

e m p h a s i z e d   the   n e c e s s i t y   f o r   s o l u b l e   a n o d e   p r o d u c t s   a n d  

i n s o l u b l e   c a t h o d e   p r o d u c t s   d u r i n g   d i s c h a r g e ,   and  the   c o n -  

c o m i t a n t   need  to  f a c i l i t a t e   a n o d i c   ( a c t i v e   m e t a l )   i o n  

t r a n s p o r t   t h r o u g h   t he   e l e c t r o l y t e   to  t he   c a t h o d e   or  p o s i -  
t i v e   e l e c t r o d e   c u r r e n t   c o l l e c t o r .   As  r e c o g n i z e d   in  t h e  

a r t ,   such   s y s t e m s   e m p l o y   a n o d e s   w h i c h   a r e   t e r m e d   e l e c t r o d e s  

of  t he   f i r s t   k i n d .   T h e s e   a r e   u n d e r s t o o d   to  be  e l e c t r o d e s  

in  wh ich   the   p o t e n t i a l - d e t e r m i n i n g   ion   in  s o l u t i o n   i s  

not   in  e q u i l i b r i u m   w i t h   a  s o l i d   s a l t   p h a s e .   Such  c e l l s  

a r e   c h a r a c t e r i z e d   by  c e l l   s o l u t i o n s   w h i c h   a r e   u n s a t u r a t e d  
in  t he   e l e c t r o d e   (o r   p o t e n t i a l - d e t e r m i n i n g )   i o n ,   t h e r e b y  



a l l o w i n g   the   c o n c e n t r a t i o n   of  t he   p o t e n t i a l   d e t e r m i n i n g  

ion   to  be  v a r i e d   a t   w i l l .   As  u s e d   in  t h e   a r t ,   s u c h  

c e l l s   a r e   f u r t h e r   c h a r a c t e r i z e d   by:  (a)   v e r y   h i g h  

( a l t h o u g h   b e l o w   s a t u r a t i o n )   c o n c e n t r a t i o n s   of  t he   a n o d e  

i o n ;   (b)  s o l u b l e   d i s c h a r g e   p r o d u c t s   a t   t h e   a n o d e ;   a n d  

(c)   h i g h   ion  t r a n s f e r   in  s o l u t i o n   f rom  a n o d e   to  p o s i t i v e  

e l e c t r o d e .  

For  e x a m p l e ,   Gabano   (U.S.   P a t e n t   No.  3 , 5 1 1 , 7 1 6 )  

d i s c l o s e s   a  c e l l   in  w h i c h   o x i d i z e d   l i t h i u m   goes   i n t o  

s o l u t i o n   d u r i n g   d i s c h a r g e   and  m i g r a t e s   t o w a r d   t he   p o s i t i v e  

e l e c t r o d e .   Gabano   e m p h a s i z e s   t h a t   t h e   s o l u b i l i t y   o f  

l i t h i u m   in  t he   s o l u t i o n   must   be  as  h i g h   as   p o s s i b l e   t o  

a c h i e v e   a d e q u a t e   t r a n s f e r   of  l i t h i u m   i o n s   to  t he   p o s i t i v e  

e l e c t r o d e .   S i m i l a r l y ,   S k a r s t a d   e t   a l .   (U .S .   P a t e n t   No .  

4 , 2 4 6 , 3 2 7 )   d i s c u s s e s   S02-   and  S O C l 2 - b a s e d   b a t t e r i e s   w h i c h  

make  use   of  l i t h i u m   ion  t r a n s p o r t   and  d e p o s i t   l i t h i u m  

s a l t s   as  i n s o l u b l e   d i s c h a r g e   p r o d u c t s   on  a  h i g h   s u r f a c e  

a r e a   c a t h o d e .  

More  s p e c i f i c a l l y ,   the   a r t   has   t a u g h t   t h a t   s o l u b l e  

a n o d e   p r o d u c t s   c o u p l e d   w i t h   i n s o l u b l e   c a t h o d e   p r o d u c t s  

a r e   r e q u i r e d   and  n e c e s s a r y   in  a c t i v e   m e t a l   s e c o n d a r y   b a t -  

t e r i e s .   M a r i c l e   e t   a l .   (U.S.   P a t e n t   No.  3 , 5 6 7 , 5 1 5 ) ,   f o r  

e x a m p l e ,   s i m p l y   s t a t e :   "As  a  g e n e r a l   r u l e ,   i n s o l u b l e  

[ c a t h o d e ]   p r o d u c t s   a r e   o b t a i n e d   when  a l k a l i - m e t a l   e l e c -  

t r o l y t e s   a r e   e m p l o y e d  . . . . " .   In  a d d i t i o n ,   M a r i c l e   e t  

a l .   e x p r e s s l y   t e a c h   t h a t   s o l u b l e   c a t h o d e   p r o d u c t s   a r e  

no t   p r e f e r r e d ,   e s p e c i a l l y   in  s e c o n d a r y   b a t t e r i e s .  

An  even   more  s w e e p i n g   g e n e r a l i z a t i o n   i s   f o u n d   i n  

E i s e n b e r g ,   " S t u d y   of  t he   S e c o n d a r y   l i t h i u m   E l e c t r o d e   i n  

O r g a n i c   E l e c t r o l y t e " ,   F i n a l   R e p o r t   on  LBI,  S u b c o n t r a c t  

4 5 0 7 2 1 0 ,   A p r i l   1981 .   E i s e n b e r g   t e a c h e s   ( a t   page   1 9 )  

t h a t ,   f o r   a  l i t h i u m   a n o d e   in  o r g a n i c ,   a p r o t i c   e l e c t r o l y t e  

s y s t e m s ,   h i g h   s o l u b i l i t y   of  l i t h i u m   i o n   s a l t s   i s   n e c e s s a r y  
to  p r o v i d e   f o r   t h e   n e c e s s a r y   i o n i c   t r a n s p o r t   t h r o u g h   t h e  

e l e c t r o l y t e .   In  s u c h   s y s t e m s ,   E i s e n b e r g   c o n c l u d e s   t h a t  



" . . . . t h e   s o l u b i l i t y   of  t he   l i t h i u m   a n o d e   p r o d u c t   in  t h e  

e l e c t r o l y t e   a p p e a r s   to  be  an  u n a v o i d a b l e   f a c t   of  l i f e . "  

( e m p h a s i s   in  o r i g i n a l ) .  

Though   the   a r t   has   t h u s   c o n c e n t r a t e d   e x c l u s i v e l y  

upon  a c t i v e   m e t a l   a n o d e s   of  t h e   f i r s t   k i n d ,   t h e   h o p e d -  

fo r   a d v a n t a g e s   of  g r e a t e r   c o n v e r s i o n   of  t he   a c t i v e   m e t a l ,  

h i g h e r   e f f e c t i v e   c u r r e n t   d e n s i t y   and  i m p r o v e d   low  t e m p e r a -  

t u r e   b e h a v i o u r   have  no t   been   r e a l i s e d   in  p r a c t i c e .  

I n s t e a d ,   a  r a n g e   of  p r o b l e m s   has   p l a g u e d   v i r t u a l l y   a l l  

s y s t e m s   e m p l o y i n g   an  a c t i v e   m e t a l   a n o d e   o f  t h e   f i r s t   k i n d .  

One  s u c h   p r o b l e m   r e s u l t s   f rom  d i f f i c u l t i e s   in  o b t a i n i n g  

r e q u i s i t e   i o n i c   t r a n s p o r t   to  and  f rom  e a c h   e l e c t r o d e .  

D u r i n g   e a c h   c h a r g i n g   o p e r a t i o n ,   t h e   a c t i v e   m a t e r i a l   m u s t  

be  t r a n s p o r t e d   f rom  w i t h i n   t h e   s o l u t i o n   to  t he   s u r f a c e  

of  t he   a n o d e   b a s e   p l a t e .   011  t h e   o t h e r   hand ,   d u r i n g   e a c h  

d i s c h a r g e   the   d e p o s i t e d   l a y e r s   mus t   be  c o m p l e t e l y   r e d i s -  

s o l v e d .   M a i n t a i n i n g   u n i f o r m   c u r r e n t   d i s t r i b u t i o n   a n d  

a d e q u a t e   c o n v e c t i o n   in  t he   e l e c t r o l y t e   i s   t h u s   v e r y  

i m p o r t a n t   w i t h   t h i s   t y p e   of  b a t t e r y .   If   u n i f o r m i t y  

of  c u r r e n t   d i s t r i b u t i o n   i s   i n a d e q u a t e ,   s e v e r a l   p r o b l e m s  

a r i s e ,   n a m e l y :  

(1)  l o c a l   p r o b l e m s :   f o r m a t i o n   of  d e n d r i t e s   a n d  

n o d u l e s   on  the   s u r f a c e   of  t h e   a n o d e ;  

(2)  a s y m m e t r i c a l   d e p o s i t i o n   of  t h e   a c t i v e   m a t e r i a l s  

a l o n g   t he   e l e c t r o d e   s u r f a c e   ( s h a p e   c h a n g e ) ;   a n d  

(3)  a s y m m e t r i c a l   d e p o s i t i o n   of  a c t i v e   m a t e r i a l s  

in  t he   p o s i t i v e   e l e c t r o d e .  

A d d i t i o n a l   p r o b l e m s   a r i s e   f rom  t he   p a r t i a l l y   i r r e -  

v e r s i b l e   b e h a v i o u r   of  t he   a c t i v e   d e p o s i t s .   As  a  r e s u l t  

of  t he   a s y m m e t r y   b e t w e e n   c u r r e n t   e f f i c i e n c i e s   f o r   d e p o s i -  

t i o n   and  d i s s o l u t i o n ,   and  as   a  r e s u l t   of  a s y m m e t r y   i n  

r e s p e c t   of  c o r r o s i o n   p r o c e s s e s ,   t he   a c t i v e   d e p o s i t s   s h o w  

a  p a r t i a l l y   i r r e v e r s i b l e   b e h a v i o u r .   D e n d r i t e   f o r m a t i o n  

in  c e l l s   w i t h   a n o d e s   of  t he   f i r s t   k i n d   and  t he   a t t e n d a n t  

p r o b l e m s   a r e   d i s c u s s e d   in  Beck  e t   a l .   (U.S .   P a t e n t  



No.  4 , 1 1 9 , 7 6 7 ) ,   by  Koch  (U.S.   P a t e n t   No.  4 , 2 5 2 , 8 7 6 ) ,   a n d  

by  S c h l a i k j e r   (U .S .   P a t e n t   No.  4 , 1 3 9 , 6 8 0 ) .   Beck  e t   a l .  

and  Koch  a l s o   e n c o u n t e r e d   s h a p e   c h a n g e   or  m o r p h o l o g y  

p r o b l e m s .   The  d i s a d v a n t a g e s   of  i r r e v e r s i b l e   a s y m m e t r i c a l  

d e p o s i t s   c l o g g i n g   the   c a t h o d e   a r e   d i s c u s s e d   by  Beck  e t  

a l .   ( s u p r a )   F r a i o l i   et   a l .   (U .S .   P a t e n t   No.  3 , 5 5 1 , 2 0 5 )  

and  M a r i c l e   e t   a l .   ( S u p r a ) .  

In  g e n e r a l ,   a t t e m p t s   t o s o l v e   s u c h   p r o b l e m s   a s s o c i a t e d  

w i t h   an  a c t i v e   m e t a l   a n o d e   of  t he   f i r s t   k i n d   h a v e  

c e n t e r e d   on  (1)  e l e c t r o l y t e - s o l v e n t   c o m b i n a t i o n s   s u c h  

as  t h o s e   t a u g h t   by  Gabano   et   a l . ;   S k a r s t a d   e t   a l . ;   a n d  

E i s e n b e r g   (U .S .   P a t e n t   No.  3 , 8 9 1 , 4 5 8 ,   r e i s s u e d   as  R e .  

3 0 , 6 6 1 ) ;   (2)  a d d i t i v e s   to  h e l p   d e n d r i t e   d i s s o l u t i o n   s u c h  

as  t he   t e a c h i n g s   of  Beck  et   a l . ;   and  (3)  h i g h   s u r f a c e  

a r e a   c a t h o d e s   s u c h   as  t h o s e   d i s c u s s e d   by  M a r i c l e   e t   a l .  

and  F r a i o l i   e t - a l .  

To  t he   b e s t   of  our   k n o w l e d g e ,   no  c o m p l e t e   s o l u t i o n  

to  t h e   d i f f i c u l t i e s   i n h e r e n t   in  a c t i v e   m e t a l   a n o d e s   o f  

t h e   f i r s t   k i n d   has   y e t   been   f o u n d .   T h i s   f a i l u r e   h a s  

p r e v e n t e d   t he   d e v e l o p m e n t   of  an  a c t i v e   m e t a l   s e c o n d a r y  

b a t t e r y   w h i c h   i s   l i g h t w e i g h t ,   p r o v i d e s   s t a b l e   v o l t a g e  

a t   open   c i r c u i t ,   i s   o p e r a b l e   a t   a m b i e n t   t e m p e r a t u r e s ,  

has   a  l a r g e   e n e r g y   d e n s i t y ,   and  can  be  r e l i a b l y   c y c l e d  

t h r o u g h   n u m e r o u s   c h a r g e / d i s c h a r g e   c y c l e s .   A  need  t h e r e f o r e  

e x i s t s   f o r   a  s e c o n d a r y   b a t t e r y   w i t h   t he   d e s i r a b l e   c h a r a c -  

t e r i s t i c s   e x p e c t e d   of  an  a c t i v e   m e t a l - b a s e d   e l e c t r o c h e m i c a l  

c e l l ,   bu t   w i t h o u t   t he   p r e s e n t   d i s a d v a n t a g e s .  

Summary  of  t he   I n v e n t i o n  

The  p r e s e n t   i n v e n t i o n   i s   d i r e c t e d   to  t he   d i s c o v e r y  

of  a  m e t h o d   f o r   i n c r e a s i n g   the   s o l u b i l i t y   of  l i t h i u m  

s a l t s   in  a  s u l f u r   d i o x i d e - b a s e d   s o l v e n t   s y s t e m   w h i c h  

i n v o l v e s   t he   a d d i t i o n   of  a  s o l u b i l i t y - e n h a n c i n g   a d d i t i v e  

c o m p r i s i n g   a  s a l t   w h i c h   c o n t a i n s   a t   l e a s t   one  c a t i o n  

s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n  

c o m p l e x e s ,   q u a t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c  

p h o s p h o n i u m   c a t i o n s .  



One  e m b o d i m e n t   of  the   i n v e n t i o n   i s   a  m e t h o d   f o r  

m o d i f y i n g   the   s o l u b i l i t y   of  a  l i t h i u m   s a l t   in  a  n o n -  

a q u e o u s   s o l v e n t   s y s t e m   wh ich   c o m p r i s e s   d i s s o l v i n g   s a i d  

l i t h i u m   s a l t   and  a  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   in  t h e  

s o l v e n t   s y s t e m ,   w h e r e i n   s a i d   s o l v e n t   s y s t e m   c o m p r i s e s  

a  m a j o r   p o r t i o n   of  s u l f u r   d i o x i d e ,   t h e   amoun t   of  s a i d  

l i t h i u m   s a l t   i s   in  e x c e s s   of  t h e   a m o u n t   w h i c h   i s   s o l u b l e  

in  the   s o l v e n t   s y s t e m   in  t he   a b s e n c e   of  s a i d   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e ,   t h e   amoun t   of  s a i d   s o l u b i l i t y - m o d i -  

f y i n g   a d d i t i v e   i s   e f f e c t i v e   to  i n c r e a s e   the   s o l u b i l i t y  

of  the   l i t h i u m   s a l t ,   and  s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

c o m p r i s e s   a  s a l t   w h i c h   c o n t a i n s   a t   l e a s t   one  c a t i o n  

s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n  

c o m p l e x e s ,   q u a t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c  

p h o s p h o n i u m   c a t i o n s .  

A n o t h e r   e m b o d i m e n t   of  t he   i n v e n t i o n   i s   t h e   c o m p o s i t i o n  

p r e p a r e d   by  t he   p r o c e s s   w h i c h   c o m p r i s e s   d i s s o l v i n g   a  

l i t h i u m   s a l t   and  a  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   in  a  

n o n - a q u e o u s   s o l v e n t   s y s t e m   the   s o l v e n t   s y s t e m   c o m p r i s i n g  

a  m a j o r   p r o p o r t i o n   of  s u l f u r   d i o x i d e ,   the   a m o u n t   of  t h e  

l i t h i u m   s a l t   b e i n g   in  e x c e s s   of  t h e   amoun t   w h i c h   i s  

s o l u b l e   in  t he   s o l v e n t   s y s t e m   in  t he   a b s e n c e   of  t h e  

s o l u b i l i t y - m o d i f y i n g   a d d i t i v e ,   t h e   amoun t   of  t h e   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   b e i n g   e f f e c t i v e   to  i n c r e a s e   t h e  

s o l u b i l i t y   of  t h e   l i t h i u m   s a l t ,   and  t h e   s o l u b i l i t y   m o d i f y i n g  

a d d i t i v e   c o m p r i s i n g   a  s a l t   which  c o n t a i n s   a t   l e a s t   o n e  

c a t i o n   s e l e c t e d   f rom  t he   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n  

c o m p l e x e s ,   q u a t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c  

p h o s p h o n i u m   c a t i o n s .  

A  f u r t h e r   e m b o d i m e n t   of  t he   i n v e n t i o n   i s   an  e l e c t r o -  

c h e m i c a l   c e l l   c o m p r i s i n g :   (a)  a  l i t h i u m   a n o d e ;   (b)  a  

p o s i t i v e   e l e c t r o d e   c u r r e n t   c o l l e c t o r ;   and  (c)   an  e l e c t r o -  

l y t e   w h i c h   c o m p r i s e s   t he   a b o v e - d e s c r i b e d   c o m p o s i t i o n .  

An  o b j e c t   of  t h i s   i n v e n t i o n   i s   to  p r o v i d e   a  m e t h o d  

f o r   c o n t r o l l i n g   the   s o l u b i l i t y   of  l i t h i u m   s a l t s   in   l i q u i d  

s u l f u r   d i o x i d e .  



A n o t h e r   o b j e c t   of  t h i s   i n v e n t i o n   i s   to  p r o v i d e   a n  

i m p r o v e d   e l e c t r o l y t e   f o r   use  in  p r i m a r y   and  s e c o n d a r y  

e l e c t r o c h e m i c a l   c e l l s   w h i c h   u t i l i z e   l i t h i u m   e l e c t r o d e s .  

A n o t h e r   o b j e c t   of  t h i s   i n v e n t i o n   i s   to  p r o v i d e   a n  

i m p r o v e d   r e c h a r g e a b l e ,   n o n - a q u e o u s ,   a m b i e n t   t e m p e r a t u r e  

e l e c t r o c h e m i c a l   c e l l   w h i c h   u t i l i z e s   a  l i t h i u m   e l e c t r o d e .  

A  f u r t h e r   o b j e c t   of  t h i s   i n v e n t i o n   i s   to  p r o v i d e  

a  m e t h o d   f o r   c o n t r o l   of  t he   l i t h i u m   s a l t   c o n c e n t r a t i o n  

in  a  s u l f u r   d i o x i d e - b a s e d   e l e c t r o l y t e   s o l u t i o n   f o r   u s e  

in  an  e l e c t r o c h e m i c a l   c e l l   h a v i n g   a  l i t h i u m   e l e c t r o d e .  

D e t a i l e d   D e s c r i p t i o n   of  t h e   I n v e n t i o n  

We  have   f o u n d   t h a t   t he   s o l u b i l i t y   of  l i t h i u m   s a l t s  

in   a  s u l f u r   d i o x i d e - b a s e d   s o l v e n t   s y s t e m   can  be  e n h a n c e d  

in  a  c o n t r o l l e d   m a n n e r   and  o v e r   a  b r o a d   r a n g e   t h r o u g h  

t h e   a d d i t i o n   of  a  s o l u b i l i t y - e n h a n c i n g   a d d i t i v e   w h i c h  

c o m p r i s e s   a  s a l t   c o n t a i n i n g   a t   l e a s t   one  c a t i o n   s e l e c t e d  

f rom  t he   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,   q u a -  

t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c   p h o s p h o n i u m   c a t i o n s .  

In  t he   p r a c t i c e   of  t h i s   i n v e n t i o n ,   a  l i q u i d   n o n -  

a q u e o u s   s o l v e n t   s y s t e m   i s   u s e d   w h i c h   c o m p r i s e s   a  m a j o r  

p r o - p o r t i o n   of  s u l f u r   d i o x i d e .   S u i t a b l e   s o l v e n t   s y s t e m s  

i n c l u d e   s u b s t a n t i a l l y   p u r e   l i q u i d   s u l f u r   d i o x i d e   and  m i x -  

t u r e s   w h i c h   c o n s i s t   of  a  m i n o r   p r o p o r t i o n   of  one  or  m o r e  

c o s o l v e n t s   in  c o m b i n a t i o n   w i t h   a  m a j o r   p r o p o r t i o n   of  s u l f u r  

d i o x i d e .   H o w e v e r ,   t he   use   of  s u b s t a n t i a l l y   p u r e   s u l f u r  

d i o x i d e   i s   g e n e r a l l y   p r e f e r r e d .  

S u i t a b l e   c o s o l v e n t s   w h i c h   can  be  c o m b i n e d   w i t h   s u l f u r  

d i o x i d e   in  t he   p r a c t i c e   of  t h i s   i n v e n t i o n   a r e   l i q u i d  

o r g a n i c   and  i n o r g a n i c   c o m p o u n d s   w h i c h   l a c k  a c i d i c   h y d r o g e n  

a t o m s   and  c o n t a i n   one  or  more  a t o m s   h a v i n g   a t   l e a s t   o n e  

u n s h a r e d   p a i r   of  e l e c t r o n s .   For  t he   p u r p o s e s   h e r e o f ,  

" a c i d i c   h y d r o g e n   a t o m s "   a r e   t h o s e   w h i c h   a r e   c a p a b l e   o f  

b e i n g   a b s t r a c t e d   by  l i t h i u m   m e t a l .   H o w e v e r ,   s t r o n g l y  

b a s i c   c o s o l v e n t s   such   as  a m i n e s   a r e   no t   g e n e r a l l y   d e s i r a b l e .  



More  s p e c i f i c a l l y ,   s u i t a b l e   c o s o l v e n t s   a r e   o r g a n i c  

or  i n o r g a n i c   l i q u i d s   wh ich   c o n t a i n   a t   l e a s t   one  e l e m e n t  

w h i c h   i s   s e l e c t e d   from  G r o u p s   3a,  4a,  5 a . a n d   6a  of  t h e  

P e r i o d i c   T a b l e   [ H a n d b o o k   of  C h e m i s t r y   and  P h y s i c s ,   5 7 t h  

ed.  ( 1 9 7 6 - 7 7 ) ,   p.  B - 4 ] .   P r e f e r r e d   e l e m e n t s   f rom  t h i s  

g r o u p   i n c l u d e ,   f o r   e x a m p l e ,   b o r o n ,   s i l i c o n ,   n i t r o g e n ,  

p h o s p h o r u s ,   o x y g e n   and  s u l f u r   as  w e l l   as  c o m b i n a t i o n s  

of  t h e s e   e l e m e n t s .   O r g a n i c   s o l v e n t s   w h i c h   c o n t a i n   t w o  

or  more  a t o m s   of  such   e l e m e n t s   in  each   m o l e c u l e   a r e  

p a r t i c u l a r l y   s u i t a b l e .  

P r e f e r r e d   l i q u i d   o r g a n i c   c o m p o u n d s   f o r   use   as  a  

c o s o l v e n t   in  t he   p r a c t i c e   of  t h i s   i n v e n t i o n   i n c l u d e ,   b u t  

a r e   no t   l i m i t e d   t o ,   t r i a l k y l   b o r a t e s ,   b o r o n i c   a c i d   e s t e r s ,  

b o r i n i c   a c i d  e s t e r s ,   t e t r a a l k y l   s i l i c a t e s ,   a l k y l a l k o x y -  

s i l a n e s ,   n i t r o a l k a n e s ,   a l k y l n i t r i l e s ,   d i a l k y l - a m i d e s ,  

l a c t a m s ,   t e t r a a l k y l   u r e a s ,   a c e t a l s ,   k e t a l s ,   m o n o - c a r b o x y l i c  

a c i d   e s t e r s ;   o r t h o e s t e r s ,   l a c t o n e s ,   d i a l k y l   c a r b o n a t e s  

a l k y l e n e   c a r b o n a t e s ,   o r t h o c a r b o n a t e s ,   m o n o e t h e r s ,   p o l y e t h e r s ,  

m o n o c a r b o x y l i c   a c i d   a n h y d r i d e s ,   d i a l k y l   s u l f a t e s ,   d i a l k y l  

s u l f i t e s ,   a l k y l e n e   s u l f i t e s   and  s u l f o n e s .   S p e c i f i c  

e x a m p l e s   i n c l u d e   t r i e t h y l   b e r a t e ,   d i e t h y l   m e t h y l b o r o n a t e ,  

m e t h y l   d i e t h y l b o r i n a t e ,   t e t r a m e t h y l   s i l i c a t e ,   t r i m e t h o x y -  

m e t h y l s i l a n e ,   n i t r o e t h a n e ,   a c e t o n i t r i l e ,   d i m e t h y l f o r m a m i d e ,  

1 - m e t h y l - 2 - p y r r o l i d i n o n e ,   t e t r a m e t h y l u r e a ,   1 , 1 - d i e t h o x y -  

e t h a n e ,   2 - 2 - d i m e t h o x y p r o p a n e ,   e t h y l   a c e t a t e ,   t r i m e t h y l  

o r t h o f o r m a t e ,  Y - b u t y r o l a c t o n e ,   d i m e t h y l   c a r b o n a t e ,   e t h y l e n e  

c a r b o n a t e ,   t e t r a m e t h y l   o r t h o c a r b o n a t e ,   d i e t h y l   e t h e r ,  

t e t r a h y d r o f u r a n ,   e t h y l e n e   g l y c o l ,   d i m e t h y l   e t h e r ,   a c e t i c  

a n h y d r i d e ,   d i m e t h y l   s u l f a t e ,   d i m e t h y l   s u f i t e ,   e t h y l e n e  

s u l f i t e   and  t e t r a m e t h y l e n e   s u l f o n e .  

P r e f e r r e d   l i q u i d   i n o r g a n i c   c o m p o u n d s   f o r   use   a s  

c o s o l v e n t s   in  t he   p r a c t i c e   of  t h i s   i n v e n t i o n   i n c l u d e ,  

bu t   a r e   no t   l i m i t e d   to ,   p h o s p h o r u s   o x y c h l o r i d e ,   t h i o n y l  

c h l o r i d e   and  s u l f u r y l   c h l o r i d e .   T h i o n y l   c h l o r i d e   i s  

p a r t i c u l a r l y   p r e f e r r e d .  



The  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   f o r   u se   in  t h e  

p r a c t i c e   of  t h i s   i n v e n t i o n   c o m p r i s e s   one  or  more   s a l t s  

w h i c h   c o n t a i n   a t   l e a s t   one  c a t i o n   s e l e c t e d   f rom  the   g r o u p  

c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,   q u a t e r n a r y   a m m o n i u m  

c a t i o n s   and  o r g a n i c   p h o s p h o n i u m   c a t i o n s .   P r e f e r r e d  

s o l u b i l i t y - m o d i f y i n g   a d d i t i v e s   c o n t a i n   a t   l e a s t   one  a n i o n  

s e l e c t e d   f rom  t he   g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a -  

f l u o r o b o r a t e ,   h e x a f l u o r o p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,  

p h o s p h a t e ,   c h l o r i d e ,   b r o m i d e ,   i o d i d e   and  f l u o r i d e .  

P r e f e r r e d   m e t a l   c a t i o n   c o m p l e x e s   a r e   m e t a l   c a t i o n s   w h i c h  

a r e   a s s o c i a t e d   w i t h   one  or  more  o r g a n i c   l i g a n d s   of  c h e l a t i n g  

a g e n t s .   I t   w i l l   be  a p p r e c i a t e d ,   of  c o u r s e ,   t h a t   s u c h  

c o o r d i n a t e d   or  c h e a t e d   m e t a l   c a t i o n s   s h o u l d   be  f r e e   o f  

a c i d i c   h y d r o g e n   a t o m s .   E x a m p l e s   of  s u i t a b l e   m e t a l   c a t i o n  

c o m p l e x e s   i n c l u d e ,   bu t   a r e   no t   l i m i t e d   t o ,   c o m p l e x e s   o f  

an  a l k a l i   m e t a l   c a t i o n   w i t h   a  c rown  e t h e r ,   s u c h   a s  
N a ( 1 5 - c r o w n - 5 ) +   c o m p l e x e s   of  an  a l k a l i   m e t a l   c a t i o n   w i t h  

a  c r y p t a n d ,   such   as  K ( C 1 8 H 3 6 N 2 O 6 ) + ,  

[ C o ( 8 - h y d r o x y q u i n o l i n e ) 2 ( N H 3 ) 2 ] + ,  

[ C o ( 8 - h y d r o x y q u i n o l i n e ) 2 ( 2 , 2 ' - d i p y r i d y l ) ] + ,  

M n ( 2 , 2 ' - d i p y r i d y l ) 3 + + ,   and  M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 + +  

Of  t h e s e   e x a m p l e s ,   M n ( 2 , 2 ' - d i p y r i d y l ) 3 + +   a n d  

M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 + +   a r e   p a r t i c u l a r l y   p r e f e r r e d .  

Q u a t e r n a r y   ammonium  s a l t s   a r e   h i g h l y   s u i t a b l e   f o r  

use   as  the   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   in  t h e   p r a c t i c e  

of  t h i s   i n v e n t i o n .   P r e f e r r e d   q u a t e r n a r y   ammonium  s a l t s  

a r e   of  t he   f o r m u l a :  



w h e r e i n   R1,  R2,  R3  and  R4  a r e   i n d e p e n d e n t l y   s e l e c t e d   f r o m  

t h e   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s   c o n t a i n i n g  

f rom  1  to  20  c a r b o n   a t o m s ,   and  X  is   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,   h e x a -  

f l u o r o p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,   p h o s p h a t e ,   c h l o r i d e ,  

b r o m i d e ,   i o d i d e   and  f l u o r i d e .   More  p r e f e r a b l y ,   R1,  R 2 ,  

R3  and  R4  a r e   i n d e p e n d e n t l y   s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  a l k y l   g r o u p s   h a v i n g   f rom  1  to   10  c a r b o n  

a t o m s ,   and  X  i s   s e l e c t e d   f rom  t he   g r o u p   c o n s i s t i n g   o f  

p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,   h e x a f l u o r o p h o s p h a t e ,  

d i t h i o n i t e   and  s u l f a t e .   E x a m p l e s   of  s u i t a b l e   q u a t e r n a r y  

ammonium  s a l t s   i n c l u d e   t e t r a b u t y l a m m o n i u m   p e r c h l o r a t e ,  

t e t r a h e x y l a m m o n i u m   p e r c h l o r a t e ,   t e t r a m e t h y l a m m o n i u m  

t e t r a f l u o r o b o r a t e   and  t e t r a p r o p y l a m m o n i u m   h e x a f l u o r o -  

p h o s p h a t e .  

P h o s p h o n i u m   s a l t s   wh ich   a r e   s u i t a b l e   f o r   u se   as  t h e  

s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   in  the   p r a c t i c e   of  t h i s  

i n v e n t i o n   a r e   of  t h e   f o r m u l a .  

w h e r e i n   R1,  R2,  R   and  R   a r e   i n d e p e n d e n t l y   s e l e c t e d   f r o m  
t h e   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s   c o n t a i n i n g  
f r o m   1  to  20  c a r b o n   a t o m s ,   and  X  i s   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,  

h e x a f l u o r o p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,   p h o s p h a t e ,  

c h l o r i d e ,   b r o m i d e ,   i o d i d e   and  f l u o r i d e .   More  p r e f e r a b l y ,  
R  ,   R ,   R  a n d   R  a r e   i n d e p e n d e n t l y   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  a l k y l   g r o u p s   of  f rom  1  to   10  c a r b o n  

a t o m s ,   and  a r y l   and  a l k y l - s u b s t i t u t e d   a r y l   g r o u p s   of  f r o m  

6  to  12  c a r b o n   a t o m s ;   and  X  is   s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,  



h e x a f l u o r o p h o s p h a t e ,   d i t h i o n i t e   and  s u l f a t e .   E x a m p l e s   o f  

s u i t a b l e   p h o s p h o n i u m   s a l t s   i n c l u d e   t e t r a b u t y l p h o s p h o n i u m  

t e t r a f l u o r o b o r a t e ,   t e t r a p h e n y l p h o s p h o n i u m   p e r c h l o r a t e   a n d  

t e t r a p h e n y l p h o s p h o n i u m   h e x a f l u o r o p h o s p h a t e .  

The  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   of  t h i s   i n v e n t i o n  

d e s i r a b l y   has  a  s o l u b i l i t y   in  the   s u l f u r   d i o x i d e - b a s e d  

s o l v e n t   s y s t e m   of  t h i s   i n v e n t i o n   a t   t h e   t e m p e r a t u r e   a n d  

p r e s s u r e   of  use   of  a t   l e a s t   0 . 0 0 1   e q u i v a l e n t   pe r   l i t e r ,  

p r e f e r a b l y   of  a t   l e a s t   0 . 0 1   e q u i v a l e n t   p e r   l i t e r ,   a n d ,  

more  p r e f e r a b l y ,   of  a t   l e a s t   0 .1   e q u i v a l e n t   per   l i t e r .  

As  u s e d   h e r e i n ,   e q u i v a l e n t s   a r e   c a l c u l a t e d   on  t he   b a s i s  

of  a  s a l t ' s   a b i l i t y   to  p r o v i d e   l i t h i u m   c a t i o n s ,   and  t h e  

a b i l i t y   of  n o n - l i t h i u m   s a l t s   to  c o m b i n e   w i t h   l i t h i u m  

c a t i o n s   on  the   b a s i s   of  f o r m a l   c h a r g e .   For  e x a m p l e ,   o n e  

mole   of  L i2S04   is   e q u a l   to  two  e q u i v a l e n t s   ( two  Li+  c a t i o n s  

pe r   m o l e c u l e ) ,   a n d   one  mole   of  L iClO4  i s   e q u a l   to  o n e  

e q u i v a l e n t   (one  Li+  c a t i o n   per   m o l e c u l e ) .   S i m i l a r l y ,  

one  mole   of  M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 ( C l O 4 ) 2   i s   e q u a l   t o  

two  e q u i v a l e n t s   ( two  ClO4  a n i o n s   pe r   m o l e c u l e ) ,   and  o n e  

mole   of  t e t r a m e t h y l a m m o n i u m   t e t r a f l u o r o b o r a t e   i s   e q u a l  

to  one  e q u i v a l e n t   (one   BF4  a n i o n   pe r   m o l e c u l e ) .  

In  the   p r a c t i c e   of  t h i s   i n v e n t i o n ,   t h e   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   i s   u s e d   in  an  a m o u n t   w h i c h   i s   e f f e c t i v e  

to  i n c r e a s e   the   s o l u b i l i t y   of  a  l i t h i u m   s a l t   in  a  n o n -  

a q u e o u s   s o l v e n t   s y s t e m   w h i c h   c o m p r i s e s   a  m a j o r   p r o p o r t i o n  

of  s u l f u r   d i o x i d e .   P r e f e r a b l y ,   t he   a m o u n t   of  t he   s o l u b i -  

l i t y - m o d i f y i n g   a d d i t i v e   i s   e f f e c t i v e   a t   l e a s t   to  d o u b l e  

t he   s o l u b i l i t y   of  t h e   l i t h i u m   s a l t   in  t h e   s o l v e n t   s y s t e m .  

The  use   of  one  e q u i v a l e n t   of  s o l u b i l i t y - m o d i f y i n g  

a d d i t i v e   in  a c c o r d a n c e   w i t h   th i s   i n v e n t i o n   can ,   in  s o m e  

c a s e s ,   i n c r e a s e   t he   s o l u b i l i t y   of  a  l i t h i u m   s a l t   i n  

s u b s t a n t i a l l y   p u r e   s u l f u r   d i o x i d e   by  as  much  as  a  f a c t o r  

of  200  or  more  even   when  t h e y   s h a r e   a  common  a n i o n   ( s e e  

Example   1  b e l o w ) .  



Any  l i t h i u m   s a l t   w h i c h   d o e s   no t   r e a c t   w i t h   t h e  

s o l v e n t   s y s t e m  i s   s u i t a b l e   f o r   use   in  t he   p r a c t i c e   of  t h i s  

i n v e n t i o n .   H o w e v e r ,   l i t h i u m   p e r c h l o r a t e ,   l i t h i u m  

d i t h i o n i t e ,   l i t h i u m   s u l f a t e ,   l i t h i u m   t e t r a f l u o r o b o r a t e  

and  l i t h i u m   h e x a f l u o r o p h o s p h a t e   a r e   p a r t i c u l a r l y   p r e f e r r e d .  

We  have   f o u n d   t h a t   t he   m e t h o d   of  t h i s   i n v e n t i o n   f o r  

e n h a n c i n g   the   s o l u b i l i t y   o f   l i t h i u m   s a l t s   in  a  s u l f u r  

d i o x i d e - b a s e d   s o l v e n t   s y s t e m   is   p a r t i c u l a r l y   u s e f u l   f o r  

g e n e r a t i n g   e l e c t r o l y t e s   f o r   use   in  e l e c t r o c h e m i c a l   c e l l s  

w h i c h   u t i l i z e   an  a n o d e   w h i c h   c o m p r i s e s   l i t h i u m .   S u c h  

e l e c t r o l y t e s   a r e   e s p e c i a l l y   u s e f u l   in  an  a m b i e n t   t e m p e r a -  

t u r e   r e c h a r g e a b l e   e l e c t r o c h e m i c a l   c e l l   w h i c h   u t i l i z e s  

a  l i t h i u m   a n o d e   as  an  e l e c t r o d e   of  t h e   s e c o n d   k i n d .  

G e n e r a l l y ,   e l e c t r o d e s   of  t he   s e c o n d   k i n d   a r e   c o n s i d e r e d  

to  be  t h o s e   in  w h i c h   t h e   p o t e n t i a l - d e t e r m i n i n g   i o n   i n  

s o l u t i o n   i s   i n - e q u i l i b r i u m   w i t h   a  s o l i d   s a l t   p h a s e .  

The  a c t i v i t y   and  c o n c e n t r a t i o n   of  t he   p o t e n t i a l -  

d e t e r m i n i n g   ion   in  s o l u t i o n   i s   c o n t r o l l e d   by  t h i s  

e q u i l i b r i u m .  

An  e l e c t r o l y t e   p r e p a r e d   in  a c c o r d a n c e   w i t h   t h e   m e t h o d  

of  t h i s   i n v e n t i o n   i s   p a r t i c u l a r l y   w e l l   s u i t e d   f o r   u s e  

in  an  e l e c t r o c h e m i c a l   c e l l   h a v i n g   a  l i t h i u m   e l e c t r o d e  

of  t h e   s e c o n d   k i n d   of  t he   t y p e   w h i c h   i s   s e t   f o r t h   i n  

c o p e n d i n g   U.S.   P a t e n t   A p p l i c a t i o n   S e r i a l   No.  4 7 1 , 4 2 9  

( f i l e d   March  2,  1 9 8 3 ) .   T h i s   c o p e n d i n g   a p p l i c a t i o n   i s  

d i r e c t e d   to  a  r e c h a r g e a b l e   n o n - a q u e o u s   e l e c t r o c h e m i c a l  

c e l l   w h i c h   c o m p r i s e s   a  l i t h i u m   a n o d e ,   a  c a t h o d e   d e p o l a r i z e r ,  

a  p o s i t i v e   e l e c t r o d e   c u r r e n t   c o l l e c t o r ,   and  an  e l e c t r o l y t e  

c o m p r i s i n g   an  i o n i z i n g   s o l v e n t ,   a  l i t h i u m   s a l t   and  a  

s u p p o r t i n g   e l e c t r o l y t e   s a l t   c o m p r i s i n g   a t   l e a s t   o n e  

c o m p o n e n t   of  t h e   g e n e r a l   form  R+X-,  w h e r e i n   R+  i s   a  c a t i o n  

o t h e r   t h a n   t h a t   of  l i t h i u m ,   and  X  i s   an  a n i o n   w h i c h   f o r m s  

a  l i t h i u m   s a l t   w h i c h   i s   l e s s   s o l u b l e   in  t h e   c e l l   t h a n  

R+X-,  and  w h e r e i n   t he   s a t u r a t e d   c o n c e n t r a t i o n   of  l i t h i u m  

c a t i o n   in  t he   e l e c t r o l y t e   i s   b e t w e e n   1 0 - 9   and  10-1   e q u i v a -  

l e n t s   pe r   l i t e r .   A l t h o u g h   the   l i t h i u m   c a t i o n   c o n c e n t r a t i o n  



in  t h e   e l e c t r o l y t e   of  such   a  c e l l   may  v a r y   o v e r   a  w i d e  

r a n g e ,   o p t i m u m   c e l l   p e r f o r m a n c e   r e q u i r e s   t h a t   t h e   l i t h i u m  

c a t i o n   c o n c e n t r a t i o n   be  o p t i m i z e d .   U n f o r t u n a t e l y ,  

o p t i m i z a t i o n   of  t he   l i t h i u m   c a t i o n   c o n c e n t r a t i o n   in  t h e  

e l e c t r o l y t e   s o l u t i o n   of  such   a  c e l l   has   been   v e r y  

d i f f i c u l t   in  t he   p a s t .  

As  u s e d   h e r e i n ,   t he   t e r m   " s u p p o r t i n g   e l e c t r o l y t e  

s a l t "   r e f e r s   to  t he   p r i m a r y   c o n d u c t i n g   c o m p o n e n t   in  t h e  

e l e c t r o l y t e   a c t i n g   as  t he   p r i n c i p a l   c u r r e n t   c a r r i e r .  

W h i l e   o t h e r   c o n d u c t i n g   s a l t s   can  be  p r e s e n t ,   t h e   s u p p o r t i n g  

e l e c t r o l y t e   s a l t   i s   p r e s e n t   in  t h e   h i g h e s t   c o n c e n t r a t i o n .  

M o r e o v e r ,   s a l t s   w h i c h   have   s a t u r a t e d   c o n c e n t r a t i o n s  

b e t w e e n   1 0 - 9   and  10-1  e q u i v a l e n t s   pe r   l i t e r   in  t h e   c e l l  

s o l u t i o n   a r e   r e f e r r e d   t o  h e r e i n   as  " s l i g h t l y   s o l u b l e "  

s a l t s .   I t   s h o u l d   be  u n d e r s t o o d   t h a t   t he   g e n e r i c  

r e p r e s e n t a t i o n - o f   i o n s   ( e . g .   as  R+  or  X )  r e f e r s   to  i o n s  

w h i c h   can  c a r r y   one  or  more  p o s i t i v e   or  n e g a t i v e   c h a r g e s  

and  i s   n o t   i n t e n d e d ,   t h e r e f o r e ,   to  d e n o t e   o n l y   s i n g l y  

c h a r g e d   i o n s .   R e f e r e n c e s   to  c a t i o n   s o l u b i l i t y   h e r e i n  

a r e ,   g e n e r a l l y   s p e a k i n g ,   r e f e r e n c e s   to  t h e   s o l u b i l i t y  

of  s a l t s   c o n t a i n i n g   the   c a t i o n .  

The  p r e s e n t   i n v e n t i o n   p r o v i d e s   a  h i g h l y   s a t i s f a c t o r y  

m e t h o d   f o r   t he   c o n t r o l   of  l i t h i u m   s a l t   s o l u b i l i t y   o v e r  

a  w i d e   r a n g e   of  c o n c e n t r a t i o n s   in  a  n o n - a q u e o u s   s o l v e n t  

s y s t e m   w h i c h   c o m p r i s e s   a  m a j o r   p r o p o r t i o n   of  s u l f u r   d i o x i d e .  

In  a d d i t i o n ,   such   a  s o l v e n t   s y s t e m   i s   p a r t i c u l a r l y   s a t i s -  

f a c t o r y   f o r   use   in  an  e l e c t r o c h e m i c a l   c e l l   of  t h e   t y p e  

d e s c r i b e d  a b o v e ,   s i n c e   s u l f u r   d i o x i d e   has   t he   a b i l i t y  

to  fo rm  a  p a s s i v a t i n g   ( y e t   ion   c o n d u c t i n g )   f i l m   on  l i t h i u m  

e l e c t r o d e s .   A l so   a d v a n t a g e o u s   i s   t h e   f a c t   t h a t   s u l f u r  

d i o x i d e   can  p e r f o r m   the   d u a l   f u n c t i o n   of  b o t h   s o l v e n t  

and  c a t h o d e   d e p o l a r i z e r .   Thus ,   l i q u i d   s u l f u r   d i o x i d e  

i s   a  h i g h l y   e f f i c a c i o u s   e l e c t r o l y t e   c o m p o n e n t .   I t   w i l l  

be  a p p r e c i a t e d ,   of  c o u r s e ,   t h a t   a  c a t h o d e   d e p o l a r i z e r  

i s   an  e l e c t r o c h e m i c a l   c o u p l e   in  w h i c h   t he   o x i d i z e d   f o r m  

i s   r e v e r s i b l y   r e d u c i b l e   a t   t he   p o s i t i v e   e l e c t r o d e ;  



S O 2 / S 2 O 4  =  r e p r e s e n t s   such   a  c o u p l e .   D u r i n g   d i s c h a r g e ,  
the  d e p o l a r i z e r   i s   r e d u c e d   at  the   p o s i t i v e   e l e c t r o d e ,  

and  t he   p r o c e s s   i s   r e v e r s e d   when  t he   c e l l   i s   c h a r g e d .  

The  SO2 /S204   c o u p l e   i s   p a r t i c u l a r l y   s a t i s f a c t o r y   s i n c e  

the  r e d u c e d   fo rm  o f  t h e   c o u p l e   i s   s o l u b l e   in  a  s u l f u r  

d i o x i d e - b a s e d   s o l v e n t   s y s t e m .   Such  a  s y s t e m   o b v i a t e s  

any  need  f o r   u l t r a h i g h   s u f a c e   a r e a   p o s i t i v e   e l e c t r o d e s .  

As  n o t e d   a b o v e ,   an  e l e c t r o l y t e   p r e p a r e d   in  a c c o r d a n c e  

w i t h   t he   m e t h o d   of  t h i s   i n v e n t i o n   i s   p a r t i c u l a r l y   s u i t a b l e  

for   use   in  a  r e c h a r g e a b l e   e l e c t r o c h e m i c a l   c e l l   h a v i n g  

a  l i t h i u m   e l e c t r o d e   of  t he   s e c o n d   k i n d .   Upon  d i s c h a r g e ,  

l i t h i u m   c a t i o n s   ( L i + )   a r e   e j e c t e d   f rom  t h e   a n o d e   a n d  

c o m b i n e   w i t h   a n i o n s   (X )   a l r e a d y   p r e s e n t   in  r e l a t i v e l y  

h igh   c o n c e n t r a t i o n   in  t he   e l e c t r o l y t e   s o l u t i o n ,   to  f o r m  

a  s l i g h t l y   s o l u b l e   l i t h i u m   s a l t   ( L i + X - )   w h i c h   t h e n  

p r e c i p i t a t e s   o n t o   t he   a n o d e .   At  t he   p o s i t i v e   e l e c t r o d e ,  

the  c a t h o d e   d e p o l a r i z e r   i s   r e d u c e d   to  a  p r o d u c t   w h i c h  

can  be  e i t h e r   s o l u b l e   or  i n s o l u b l e   in  t he   e l e c t r o l y t e  

s o l u t i o n .   When  the   c e l l   i s   r e c h a r g e d ,   the   s l i g h t l y  

s o l u b l e   l i t h i u m   s a l t   on  the   anode   ( L i + X - )   i s   r e m o v e d   w i t h  

the  a n i o n   g o i n g   back   i n t o   s o l u t i o n   and  t he   l i t h i u m   c a t i o i i s  

(L i+)   b e i n g   r e d u c e d   back   to  t he   m e t a l   a t   the   a n o d e .   A t  

the  p o s i t i v e   e l e c t r o d e ,   the   r e d u c t i o n   p r o d u c t   i s   o x i d i z e d  

back  to  t he   o r i g i n a l   s t a t e   of  t he   c a t h o d e   d e p o l a r i z e r .  

S u p p o r t i n g   e l e c t r o l y t e   s a l t s   w h i c h   a r e   u s e f u l   i n  

an  e l e c t r o l y t e   s o l u t i o n   fo r   use   in  an  e l e c t r o c h e m i c a l  

c e l l   in  a c c o r d a n c e   w i t h   t h i s   i n v e n t i o n   g e n e r a l l y   h a v i n g  

a  h i g h   c o n d u c t i v i t y   in  t he   e l e c t r o l y t e   s o l v e n t   s y s t e m  

and,   p r e f e r a b l y ,   s h o u l d   be  h i g h l y   s o l u b l e .   In  a d d i t i o n ,  

the   e l e c t r o l y t e   s a l t   s h o u l d   a l s o   be  s u b s t a n t i a l l y   s t a b l e  

w i t h   r e s p e c t   to  t he   o t h e r   c e l l   c o m p o n e n t s .   I t   w i l l   b e  

a p p r e c i a t e d ,   of  c o u r s e ,   t h a t   t he   s o l u b i l i t y - m o d i f y i n g  

a d d i t i v e   of  t h i s   i n v e n t i o n   can  be  u t i l i z e d   as  t h e   s u p p o r t i n g  

e l e c t r o l y t e   s a l t .  



S u i t a b l e   s u p p o r t i n g   e l e c t r o l y t e   s a l t s   a r e   of  t h e  

g e n e r a l   form  R+X-  w h e r e i n   t he   s a l t   d o e s   no t   have   any  a c i d i c  

h y d r o g e n   a t o m s   w h i c h   a r e   c a p a b l e   of  b e i n g   a b s t r a c t e d   by  

l i t h i u m   m e t a l .   The  c a t i o n i c   c o m p o n e n t ,   R+,  i s   a  c a t i o n  

o t h e r   t h a n   t h a t   of  l i t h i u m   and  i s   p r e f e r a b l y   s e l e c t e d  

f rom  the   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,  

q u a t e r n a r y   ammonium  c a t i o n s   and  o r g a n i c   p h o s p h o n i u m  

c a t i o n s .   Any  of  t h e   c a t i o n s   w h i c h   a r e   s u i t a b l e   c o m p o n e n t s  

of  t he   p r e v i o u s l y   d e f i n e d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

a r e   s u i t a b l e   f o r   use   as  R+.  

The  a n i o n i c   c o m p o n e n t   X  of  s a i d   s u p p o r t i n g   e l e c t r o l y t e  

s a l t   c o m p r i s e s   any  a n i o n   w h i c h   c o m b i n e s   w i t h   Li+  to  f o r m  

a  s l i g h t l y   s o l u b l e   l i t h i u m   s a l t ,   L i + X - ,   w h i c h   i s   l e s s  

s o l u b l e   t h a n   R X  in  t he   e l e c t r o l y t e   s o l v e n t   s y s t e m   a n d  

i s   s t a b l e   a t   t he   p o s i t i v e   e l e c t r o d e   ( e x c e p t   in  t h o s e  

c a s e s   w h e r e i n   t he   a n i o n   i s   t he   same  as  t h e   r e d u c t i o n  

p r o d u c t   f o r m e d   a t   t h e   p o s i t i v e   e l e c t r o d e   d u r i n g   d i s c h a r g e ,  

s u c h   as  S2O4 =  p r o d u c e d   by  p roduc t ion   of  SO2) .   S u i t a b l e  

a n i o n s   can  be  s e l e c t e d   f rom  the   g r o u p   c o n s i s t i n g   o f  

h a l i d e ,   t r i h a l i d e   and  o x y h a l i d e   a n i o n s ;   o x y a c i d ,   h a l i d e  

and  o r g a n i c   a n i o n s   of  e l e m e n t s   w h i c h   a r e   s e l e c t e d   f r o m  

G r o u p s   3a,  4a,   5a  and  6a  of  t he   P e r i o d i c   T a b l e   [ H a n d b o o k  

of  C h e m i s t r y   and  P h y s i c s ,   5 7 t h   ed.   ( 1 9 7 6 - 7 7 ) ,   p.  B - 4 ] ;  

and  a n i o n i c   c o m p l e x e s   of  t r a n s i t i o n   and  r a r e   e a r t h   m e t a l s .  

E x a m p l e s   of  s u i t a b l e   a n i o n s   i n c l u d e ,   bu t   a r e   no t   l i m i t e d  

t o ,   p e r c h l o r a t e ,   d i t h i o n i t e ,   s u l f a t e ,   f l u o r i d e ,   p h o s p h a t e ,  

t e t r a f l u o r o b o r a t e ,   and  h e x a f l u o r o p h o s p h a t e .   P e r c h l o r a t e  

and  d i t h i o n i t e   i o n s   a r e   p a r t i c u l a r l y   p r e f e r r e d .  

The  s u p p o r t i n g   e l e c t r o l y t e   s a l t   s h o u l d   be  s u f f i c i e n t l y  

s o l u b l e   in  t he   e l e c t r o l y t e   s o l v e n t   s y s t e m   to  p r o d u c e   a  

c o n c e n t r a t i o n   w h i c h   i s   w i t h i n   t he   r a n g e   of  f rom  0 .01   t o  

5 . 0   e q u i v a l e n t s   pe r   l i t e r ,   and  p r e f e r a b l y   w i t h i n   t he   r a n g e  

of  f rom  0 .01   to  4 . 0   e q u i v a l e n t s   pe r   l i t e r .   For  t h e  

p r e f e r r e d   s u p p o r t i n g   e l e c t r o l y t e   s a l t s ,   t h i s   c o r r e s p o n d s  

to  m o l a r   c o n c e n t r a t i o n s   of  f rom  0 . 0 0 5   m o l a r   to  5 .0   m o l a r ,  

and  p r e f e r a b l y ,   f rom  0 . 0 0 5   m o l a r   to  4 . 0   m o l a r .  



The  e l e c t r o l y t e   s o l u t i o n   f o r   use   in  an  e l e c t r o c h e m i c a l  

c e l l   in  a c c o r d a n c e   w i t h   t h i s   i n v e n t i o n   is   p r e f e r a b l y  

s a t u r a t e d   w i t h   r e s p e c t   to  l i t h i u m   c a t i o n s .   One  m e t h o d  

of  a c h i e v i n g   Li+  s a t u r a t i o n   or  n e a r   s a t u r a t i o n   in  s o l u t i o n s  

c o m p r i s i n g   a  n o n - a q u e o u s   s u l f u r   d i o x i d e - b a s e d   s o l v e n t  

s y s t e m ,   a t   l e a s t   one  s u p p o r t i n g   e l e c t r o l y t e   s a l t ,   a n d  

the   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   of  t h i s   i n v e n t i o n   i n v o l v e s  

a d d i n g   t he   r e q u i r e d   a m o u n t   of  one  or  more  l i t h i u m   s a l t s  

to  t h e   o t h e r w i s e   c o m p l e t e   e l e c t r o l y t e   s o l u t i o n .   H o w e v e r ,  

i t   w i l l   be  a p p r e c i a t e d   t h a t   t h e   v a r i o u s   e l e c t r o l y t e  

s o l u t i o n   c o m p o n e n t s   can  be  c o m b i n e d   in  any  d e s i r e d   s e q u e n c e .  

In  a  r e c h a r g e a b l e   e l e c t r o c h e m i c a l   c e l l   h a v i n g   a  

l i t h i u m   a n o d e   of  t he   s e c o n d   k i n d ,   a  h i g h   l i t h i u m   c a t i o n  

c o n c e n t r a t i o n   in  t h e   e l e c t r o l y t e   s o l u t i o n   can  r e s u l t   i n  

an  a s y m m e t r i c   d e p o s i t i o n   of  t h e   anode   m e t a l   d u r i n g  

c h a r g e .   T h e r e f o r e ,   t he   e l e c t r o l y t e   s o l u t i o n   s h o u l d   b e  

s a t u r a t e d   w i t h   r e s p e c t   to  l i t h i u m   c a t i o n s ,   but   t h e   c o n c e n -  

t r a t i o n   of  l i t h i u m   c a t i o n s   s h o u l d   a l s o   be  as  s m a l l   a s  

p o s s i b l e   c o n s i s t e n t   w i t h   d e s i r a b l e   c u r r e n t   d e n s i t i e s .  

P r e f e r r e d   c o n c e n t r a t i o n   r a n g e s   can  be  e s t i m a t e d   by  c o n -  

s i d e r i n g   p l a n a r   and  p o r o u s   e l e c t r o d e s   a t   p r a c t i c a l   c h a r g i n g  

d e n s i t i e s .   If   a  p l a n a r   a n o d e   w i t h   a  d i s c h a r g e   p r o d u c t  

d e p o s i t e d   on  i t s   s u r f a c e   i s   a s s u m e d ,   in  o r d e r   t h a t   a  

c h a r g i n g   c u r r e n t   d e n s i t y   of  s u b s t a n t i a l l y   50  mA/cm2  s h o u l d  

be  a c h i e v e d ,   t he   l i t h i u m   c a t i o n   c o n c e n t r a t i o n   s h o u l d   b e  

s u b s t a n t i a l l y   10-1   e q u i v a l e n t   p e r   l i t e r .   S i m i l a r l y ,   w i t h  

p o r o u s   e l e c t r o d e s ,   u s e f u l   c u r r e n t   d e n s i t i e s   can  b e  

a c h i e v e d   w i t h   l i t h i u m   c a t i o n   c o n c e n t r a t i o n s   of  s u b s t a n -  

t i a l l y   10 -9  e q u i v a l e n t   pe r   l i t e r ,   and  p r e f e r a b l y   w i t h i n  

the   r a n g e   of  f rom  10-2   e q u i v a l e n t   pe r   l i t e r   to  1 0  5  

e q u i v a l e n t   pe r   l i t e r .   A c c o r d i n g l y ,   t he   s a t u r a t e d   c o n c e n -  

t r a t i o n   of  Li+  s h o u l d   be  f rom  1 0 - 9   to  10 -1  e q u i v a l e n t  

per   l i t e r ,   p r o v i d e d ,   h o w e v e r ,   t h a t   the   s a t u r a t e d   c o n c e n -  

t r a t i o n   of  Li+  s h o u l d   a l w a y s   be  b e l o w   the   c o n c e n t r a t i o n  

of  t h e   s u p p o r t i n g   e l e c t r o l y t e   s a l t .  



The  l i t h i u m   a n o d e   m e t a l   of  t he   e l e c t r o c h e m i c a l  

c e l l   of  t h i s   i n v e n t i o n   can  be  u sed   in  a  v a r i e t y   o f  

p h y s i c a l   f o r m s   such   as  f i l m s ,   p o w d e r s ,   c o m p a c t s   of  s c r e e n s ,  
and  can  be  used   a l o n e   or  in  c o m b i n a t i o n   w i t h   e i t h e r  

c o n d u c t i n g   or  n o n - c o n d u c t i n g   s u b s t r a t e s .  

The  p o s i t i v e   e l e c t r o d e   c u r r e n t   c o l l e c t o r   of  t h e  

e l e c t r o c h e m i c a l   c e l l   can  be  c o n s t r u c t e d   of  any  m a t e r i a l  

w h i c h   i s   s u b s t a n t i a l l y   i n e r t   to  t he   c e l l   c o m p o n e n t s .  

P r e f e r r e d   m a t e r i a l s   a r e   m e t a l s   of  t he   p l a t i n u m   g r o u p  

f a m i l y   i n c l u d i n g   p l a t i n u m ,   i r i d i u m ,   osmium,   p a l l a d i u m ,  

r h o d i u m   and  r u t h e n i u m ;   c a r b o n   in  any  of  i t s   common 

e l e c t r o d e   f o r m s   such   as  s i n t e r e d ,   c o m p a c t e d ,   p o w d e r e d  

or  in  rod  form  and  a l o n e   or  o v e r   p l a t i n u m ;   i r o n   in  v a r i o u s  

f o r m s ,   p a r t i c u l a r l y   as  s t a i n l e s s   s t e l l ;   and  t i t a n i u m ,  

n i c k e l ,   s i l v e r ,   m e r c u r y ,   l e a d   and  g o l d .   L e s s   p r e f e r r e d  

m a t e r i a l s   a r e   m e t a l s   of  t h e   f a m i l i e s   of  v a n a d i u m ,  

c h r o m i u m   a n d  m a n g a n e s e   w h i c h   a r e   s e l e c t e d   f rom  G r o u p s  

5b,  6b  and  7b  of  t he   P e r i o d i c   T a b l e   [ H a n d b o o k   of  C h e m i s t r y  

and  P h y s i c s ,   57 th   ed.  ( 1 9 7 6 - 7 7 ) ,   p.  B - 4 ] ;   c o p p e r ,   z i n c ,  

c a d n i u m ,   g e r m a n i u m ,   t i n ,   a n t i m o n y   and  b i s m u t h ;   c e r t a i n  

n i t r i d e s   such   as  b o r o n   n i t r i d e ;   and  s e m i - c o n d u c t o r s  

s u c h   as  s i l i c o n - c o n t a i n i n g   s u b s t r a t e s .   Al l   of  t h e s e  

m a t e r i a l s   can  be  u s e d   in  any  of  t h e   v a r i o u s   f o r m s   w h i c h  

a r e   c o n v e n t i o n a l   in  t he   a r t   such   as  r o d s ,   c o m p a c t s ,  

p o w d e r s   or  p a s t e s ,   f o r   e x a m p l e .  

The  f o l l o w i n g   e x a m p l e s   a r e   i n t e n d e d   o n l y   to  i l l u s t r a t e  

t he   i n v e n t i o n   and  a r e   no t   to  be  c o n s t r u e d   as  i m p o s i n g  

l i m i t a t i o n s   t h e r e o n .  

EXAMPLE  1 

The  e f f e c t   of  v a r i o u s   n o n - l i t h i u m   s a l t s   on  t h e  

s o l u b i l i t y   in  l i q u i d   s u l f u r   d i o x i d e   of  a  s e r i e s   of  l i t h i u m  

s a l t s   was  e v a l u a t e d   in  s o l u b i l i t y   c e l l s   w h i c h   w e r e  

c o n s t r u c t e d   from  3 .8   cm  i n t e r n a l   d i a m e t e r   P y r e x O   t u b i n g ,  

w h i c h   was  f u s e d   s h u t   a t   one  end  and  s e a l e d   by  a  
T e f l o n ®  

g a s k e t   to  a  s t a i n l e s s   s t e e l   cap  a t   t h e   o t h e r   end.   A  p o r t  



was  p r o v i d e d   in  t he   cap  f o r   e v a c u a t i o n ,   f o r   l o a d i n g   t h e  

c e l l   w i t h   s u l f u r   d i o x i d e   and  f o r   r e m o v i n g   s a m p l e s .  

High  p u r i t y   s u l f u r   d i o x i d e   was  p u r c h a s e d   c o m m e r c i a l l y  

in  c y l i n d e r s   w h i c h   had  been   h e a t e d   u n d e r   a  vacuum  p r i o r  

to  f i l l i n g   in  o r d e r   to  m i n i m i z e   any  p o s s i b l e   c o n t a m i n a t i o n  

by  w a t e r .   The  s u l f u r   d i o x i d e   was  f u r t h e r   p u r i f i e d  

p r i o r   to  use   by  s t o r a g e   o v e r n i g h t   o v e r   s t r i p s   of  l i t h i u m  

m e t a l   f o l l o w e d   by  d i s t i l l a t i o n .   The  v a r i o u s   s a l t s   e m p l o y e d  

were   f i r s t   d r i e d   o v e r n i g h t   u n d e r   a  vacuum  a t   a  t e m p e r a t u r e  

in  the   r a n g e   of  f rom  100°  to  2 0 0 ° C . ,   i n c l u s i v e .  

The  c e l l s   w e r e   l o a d e d   w i t h   t h e   d e s i r e d   s a l t s   i n  

e i t h e r   a  n i t r o g e n   or  an  a r g o n   f i l l e d   dry   box  a f t e r   w h i c h  

t hey   were   s e a l e d ,   e v a c u a t e d ,   and  s u l f u r   d i o x i d e   w a s  

d i s t i l l e d   in .   T h e  c o n t e n t s   were   t h e n   v i g o r o u s l y   s t i r r e d  

f o r   at  l e a s t   2  h o u r s   w i t h   a  m a g n e t i c   s t i r r i n g   b a r .   In  e a c h  

c a s e ,   the   r e s u l t i n g   m i x t u r e   was  a l l o w e d   to  s e t t l e   o v e r -  

n i g h t ,   and  the   c e l l   was  t h e n   w e i g h e d .   A f t e r   t h e   r e s u l t i n g  

s o l u t i o n   had  been   a l l o w e d   to  s e t t l e   f o r   an  a d d i t i o n a l   4  

or  5  h o u r s ,   a  5  to  15  ml  s a m p l e   t h e r e o f   was  w i t h d r a w n  

i n t o   a  r o u n d - b o t t o m e d   g l a s s   f l a s k ,   and  the   s o l u b i l i t y  

c e l l   was  t h e n   r e w e i g h e d .   S u l f u r   d i o x i d e   was  e v a p o r a t e d  

from  the   s a m p l e   u n d e r   a  f low  of  n i t r o g e n   w h i l e   t h e  

s a m p l e   was  h e a t e d   a t   a  t e m p e r a t u r e   in  t he   r a n g e   o f  

from  80°  to  100°C .   The  r e s i d u e   in  t he   s a m p l e   f l a s k   w a s  

t h e n   d i s s o l v e d   w i t h   an  a m o u n t   of  w a t e r   in  t he   r a n g e   o f  

from  25  to  100  g r a m s   a t   a  t e m p e r a t u r e   of  s u b s t a n t i a l l y  

90°C.  A f t e r   c o o l i n g ,   t h e   r e s u l t i n g   a q u e o u s   s o l u t i o n   w a s  

a n a l y s e d   f o r   l i t h i u m   by  a t o m i c   a b s o r p t i o n   s p e c t r o s c o p y .  

The  L i   c o n c e n t r a t i o n   in  the   s u l f u r   d i o x i d e   s o l u t i o n   w a s  

t h e n   c a l c u l a t e d ;   the   r e s u l t s   a r e   s e t   f o r t h   in  T a b l e s  

I,  II  and  I I I   b e l o w .   The  r e s u l t s   w h i c h   a r e   s e t   f o r t h  

in  the   c o l u m n s   h e a d e d   " O b s d . "   r e f e r   to  t he   o b s e r v e d  

s o l u b i l i t i e s ,   and  t h e   r e s u l t s   in  t he   c o l u m n s   h e a d e d   "  . 
" O b s d . / C a l c . "   w e r e   d e r i v e d   by  d i v i d i n g   the   o b s e r v e d  

s o l u b i l i t y   by  t he   c a l c u l a t e d   s o l u b i l i t y .   The  c a l c u l a t e d  



s o l u b i l i t y   used   f o r   t h i s   p u r p o s e   was  o b t a i n e d   by  e s t i m a t i n g  

a  s o l u b i l i t y   p r o d u c t   f rom  t he   l i t h i u m   s a l t   s o l u b i l i t y   w h i c h  

was  m e a s u r e d   in  t he   a b s e n c e   of  any  a d d i t i v e .   Al l   of  t h e  

s o l u b i l i t y   m e a s u r e m e n t s   were   c a r r i e d   out   a t   room  t e m p e r a -  

t u r e   ( 2 3 ° C ) .  

The  r e s u l t s   in  T a b l e s   I,  II  and  I I I   d e m o n s t r a t e s   t h a t  

t e t r a b u t y l a m m o n i u m   p e r c h l o r a t e ,   t e t r a h e x y l a m m o n i u m  

p e r c h l o r a t e ,   M n ( 2 , 2 ' d i p y r i d y l ) 3 ( C l O 4 ) 2 ,  

M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 ( C l O 4 ) 2 ,   t e t r a m e t h y l a m m o n i u m  

t e t r a f l u o r o b o r a t e ,   t e t r a b u t y l a m m o n i u m   t e t r a f l u o r o b o r a t e ,  

and  t e t r a p r o p y l a m m o n i u m   h e x a f l u o r o p h o s p h a t e   a r e   a b l e   t o  

e x e r t   an  e n o r m o u s   e f f e c t   on  t he   s o l u b i l i t y   of  t h e   c o r r e s -  

p o n d i n g   l i t h i u m   s a l t   h a v i n g   a  common  a n i o n .   For   e x a m p l e ,  

in  t he   c a s e   of  l i t h i u m   t e t r a f l u o r o b o r a t e ,   t he   p r e s e n c e   o f  

1000  m i l l i e q u i v a l e n t s   pe r   l i t e r   of  t e t r a b u t y l a m m o n i u m  

t e t r a f l u o r o b o r a t e   s e r v e s   to  i n c r e a s e   the   m e a s u r e d   l i t h i u m  

s a l t   s o l u b i l i t y   by  a  f a c t o r   of  220,   and  t h i s   s o l u b i l i t y   i s  

g r e a t e r   t han   the   c a l c u l a t e d   v a l u e   by  a  f a c t o r   of  one  m i l l i o n  

( s e e   T a b l e   I I ) .   I t   w i l l   be  a p p r e c i a t e d ,   of  c o u r s e ,   t h a t  

t h e   p r e s e n c e   of  a  common  a n i o n   f rom  a n o t h e r   s a l t   wou ld   b e  

e x p e c t e d   to  d e p r e s s   t he   s o l u b i l i t y   of  a  l i t h i u m   s a l t .  

The  d a t a   w h i c h   a r e   s e t   f o r t h   in  T a b l e s   I,  II  and  I I I  

a l s o   d e m o n s t r a t e   t h a t   t he   s o l u b i l i t y   of  l i t h i u m   s a l t s   i n  

s u l f u r   d i o x i d e   can  be  c o n t r o l l e d   o v e r   an  e x t r e m e l y   l a r g e  

r a n g e   by  the   s i m p l e   e x p e d i e n t   of  a d d i n g   a  s a l t   w h i c h  

c o n t a i n s   a t   l e a s t   one  c a t i o n   s e l e c t e d   f rom  t he   g r o u p  

c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s   and  q u a t e r n a r y  

ammonium  c a t i o n s .   In  a d d i t i o n ,   t he   r e s u l t s   in  T a b l e s   I ,  

II  and  I I I   s u g g e s t   t h a t   t h e r e   i s   a  s i z e - o f - c a t i o n   e f f e c t  

in  v iew  of  t he   d i m i n i s h i n g   s o l u b i l i t y   e n h a n c e m e n t   w i t h  

c a t i o n   s i z e   f o r   TBACI04  vs .   THAC104,  TByMnClO4  v s .  

TPhMnClO4,   and  TMABF4  vs .   TBABF4. 

EXAMPLE  I I  

A.  P r e p a r a t i o n  o f  S u p p o r t i n g  E l e c t r o l y t e  S a l t .  

The  g e n e r a l   p r o c e d u r e   f o r   p r e p a r i n g  



M n ( 2 , 2 ' - d i p y r i d y l ) 3 ( C l O 4 ) 2   was  t h e   f o l l o w i n g :   1000  ml  o f  

w a t e r   w e r e   m i x e d   w i t h   1 . 7 0 g   of  MnSO4·H2O  and  5 . 0 0   g  o f  

2 , 2 ' - d i p y r i d y l   in  a  2  l i t e r   b e a k e r   and  h e a t e d   to  5 0 ° C  

w h i l e   s t i r r i n g .   A f t e r   a l l   t h e   i n g r e d i e n t s   had  d i s s o l v e d ,  

5 . 2 8 g   of  L iC lO4   were   a d d e d .   S t i r r i n g   was  c o n t i n u e d  

but   the   h e a t   was  t u r n e d   o f f .   As  c r y s t a l s   b e g a n   t o  

form,   n i t r o g e n   was  b lown  o v e r   t h e   s o l u t i o n   to   i n h i b i t  

oxygen   c o n t a c t .   The  c r y s t a l s   w e r e   a l l o w e d   to  f o r m  

u n t i l   a  u s a b l e   q u a n t i t y   a p p e a r e d   on  t he   b o t t o m   of  t h e  

b e a k e r   ( t y p i c a l l y   1-2  h o u r s ) .   T h e  

M n ( 2 , 2 ' - d i p y r i d y l ) 3 ( C l O 4 ) 2   c r y s t a l s   were   t h e n   f i l t e r e d  

from  the   s o l u t i o n   and  d r i e d   u n d e r   a  vacuum  a t   1 5 0 ° C  

f o r   2-4  h o u r s .   [ T h i s   p r o c e d u r e   was  a d a p t e d   f r o m  

J.  I n o r g .   N u c l .   Chem.  9,  2 1 1 ( 1 9 5 9 ) . ]  

B.  P r e p a r a t i o n  o f  P u r i f i e d  S O 2  

S u l f u r   d i o x i d e   was  p u r c h a s e d   c o m m e r c i a l l y   i n  

c y l i n d e r s   w h i c h   were   s p e c i a l l y   " b a k e d - o u t "   p r i o r   t o  

f i l i n g   to  p r e v e n t   H20  c o n t a m i n a i i o n .   The  s u f u r   d i o x i d e  

in  g a s e o u s   form  a t   1 . 2  -   1 .4   atm  p r e s s u r e   was  t h e n  

p a s s e d   t h r o u g h   e v a c u a t e d   s t a i n l e s s   s t e e l   t u b i n g   a n d  

a  s y s t e m   of  f l o w   r e g u l a t o r s   and  c h e c k   v a l v e s   i n t o   t h e  

b o t t o m   of  a  g l a s s   co lumn   c o n t a i n i n g   g l a s s   wool   i m p r e g n a t e d  

w i t h   P205 .   The  S 0 2  w a s   p a s s e d   t h r o u g h   t he   g l a s s  

w o o l / P 2 0 5   and  t h e n   p a s s e d   to  a  r e c e i v e r   t u b e   m a i n t a i n e d  

in  an  i c e   b a t h .   P u r i f i e d   S02  c o n d e n s e d   in  t h e   r e c e i v e r  

t u b e .   A p p r o x i m a t e l y   200  ml  of  l i q u i d   S02  c o u l d   b e  

p u r i f i e d   in  a p p r o x i m a t e l y   t h r e e   h o u r s .   The  p u r i f i c a -  

t i o n   s y s t e m   was  p e r i o d i c a l l y   f l u s h e d   w i t h   a r g o n   o r  

n i t r o g e n   and  e v a c u a t e d   w i t h   a  v a c u u m   p u m p .  









C.  P r e a r a t i o n  o f  E l e c t r o l t e  S o l u t i o n .  

1 . 8 3   g r a m s  o f   t he   s o l i d   s u p p o r t i n g   e l e c t r o l y t e   s a l t  

f rom  S t e p   A  we re   p l a c e d   in  a  p r e s s u r i z e d   g l a s s   " p u r i f y i n g  

c e l l " .   1 9 8 . 5   g r a m s   of  l i q u i d   S02  in  t he   p u r i f y i n g  

r e c e i v e r   of  S t e p   B  we re   t h e n   t r a n s f e r r e d   u n d e r   p r e s s u r e  

( i . e . ,   a t   t he   v a p o r   p r e s s u r e   of  SO2  a t   a m b i e n t   t e m p e r a t u r e  

to  m a i n t a i n   t he   S02  a t   a m b i e n t   t e m p e r a t u r e   and  in  t h e  

l i q u i d   s t a t e )   i n t o   t he   p u r i f y i n g   c e l l .   The  s o l u t i o n   i n  

the   p u r i f y i n g   c e l l   was  t h e n   s t i r r e d   u n t i l   a l l   s o l i d  

m a t e r i a l   had  b e e n   d i s s o l v e d .   The  p u r i f y i n g   c e l l   a n d  

b a t t e r y   c e l l   w e r e   c o n n e c t e d   w i t h   t h e   p u r i f y i n g   c e l l  

d i r e c t l y   a b o v e   t h e   b a t t e r y   c e l l ;   a  v a l v e   b e t w e e n   t h e m  

a l l o w e d   f o r   t h e   t r a n s f e r   of  t h e   p u r i f y i n g   c e l l  s o l u t i o n  

i n t o   t he   b a t t e r y   c e l l .   A f t e r   b e i n g   e v a c u a t e d ,   t h e  

b a t t e r y   c e l l   was  f i l l e d   u n d e r   p r e s s u r e   f rom  t h e   p u r i f y i n g  

c e l l   to  a  h e i g h t   w h i c h   j u s t   c o v e r e d   t h e   a n o d e   f o i l .  

In  s u b s e q u e n t   E x a r i p l e s ,   a d d i t i o n a l   l i t h i u m   s a l t  

or  s u p p o r t i n g   e l e c t r o l y t e   s a l t   was  p l a c e d   in  t he   b a t t e r y  

c e l l   p r i o r   to  f i l l i n g   as  n o t e d   in  T a b l e s   V  and  VII  b e l o w .  

I t   s h o u l d   be  n o t e d   t h a t   t h e   a m o u n t   of  l i t h i u m   s a l t   a n d  

s u p p o r t i n g   e l e c t r o l y t e   s a l t   a c t u a l l y  i n   t he   b a t t e r y   c e l l  

d u r i n g   o p e r a t i o n   was  s o m e w h a t   b e l o w   t he   sum  of  t he   a m o u n t s  

a d d e d   t o  t h e   p u r i f y i n g   a n d  b a t t e r y   c e l l s .   S p e c i f i c a l l y ,  

T a b l e s   V  and  VII  i n d i c a t e   t he   a m o u n t s   a d d e d   to  t h e  

p u r i f y i n g   and  b a t t e r y   c e l l s   i n d i v i d u a l l y ,   bu t   i t   s h o u l d  

be  e m p h a s i z e d   t h a t   no t   a l l  o f   t h e   S02  s o l u t i o n   in  t h e  

p u r i f y i n g   c e l l   was  t r a n s f e r r e d   to  t he   b a t t e r y   c e l l .  

The  a c t u a l   a m o u n t   of  S O 2 / L i C l O 4   s o l u t i o n   t r a n s f e r r e d  

in  e a c h   E x a m p l e   i s   a l s o   l i s t e d   in  T a b l e s   V  and  V I I .  

D.  C e l l  C o n s t r u c t i o n  a n d  O p e r a t i o n  

An  1 .4   mi l   l i t h i u m   f o i l   was  u s e d   as  t h e   a n o d e .  

The  l i t h i u m   was  s u p p o r t e d   in  a  p o l y p r o p y l e n e   h o l d e r   t o  

i m p a r t   r i g i d i t y   and  to  p r o t e c t   t he   e l e c t r o d e   f rom  e x p o s u r e  
to  t h e   l i q u i d / v a p o u r   i n t e r f a c e   of  t h e   c e l l .   In  e a r l i e r  

w o r k ,   i t   was  o b s e r v e d   t h a t   e x t e n s i v e   c o r r o s i o n   of  t h e  

f o i l   t o o k   p l a c e   a t   t he   l i q u i d / v a p o u r   i n t e r f a c e .   As  t h i s  



c a u s e d   m e c h a n i c a l   f a i l u r e   in  some  c a s e s ,   a  p o l y p r o p y l e n e  

h o l d e r   was  d e v i s e d   wh ich   s i m u l t a n e o u s l y   s h i e l d e d   t h e  

t he   e l e c t r o d e   f rom  c o n t a c t   w i t h   t he   i n t e r f a c e   and  p r o v i d e d  

a  m e a n s   of  c o n n e c t i n g   a  40  mi l   l i t h i u m   l e a d - i n   to  t h e  

f o i l   e l e c t r o d e .   The  c e l l   was  f i l l e d   u n t i l   t he   h o l d e r  

was  p a r t i a l l y   ( o n e - h a l f )   s u b m e r g e d .   For  maximum  f l e x i b i l i t y , .  

t h r e e   e l e c t r o d e s   in  t o t a l   were   i m m e r s e d   in  t h e   s o l u t i o n :  

a  l i t h i u m   f o i l   a n o d e ,   a  c a r b o n   r e f e r e n c e   e l e c t r o d e ,   a n d  

a  p o r o u s   p o s i t i v e   c a r b o n   c u r r e n t   c o l l e c t o r   of  15%  3 0 B  
T e f l o n ®   and  85%  S h a w i n i g a n   B l a c k   (60  m2  in  s u r f a c e   a r e a ) .  

In  E x a m p l e s   I I I   to  IX,  i n c l u s i v e ,   a  f o u r t h   e l e c t r o d e ,  

n a m e l y ,   a  l i t h i u m   r e f e r e n c e   e l e c t r o d e ,   was  a l s o   i m m e r s e d  

in  t h e   c e l l   s o l u t i o n .  

The  ' ; e l l   was  p r e s s u r i z e d   a t   t he   v a p o u r   p r e s s u r e  

of  S02  a t   a m b i e n t   t e m p e r a t u r e .   A  p e c u l i a r i t y   of  o u r  

c e l l   d e s i g n   was  t h a t   t he   e l e c t r o d e   f e e d   t h r o u g h s   a t   t h e  

top   c o v e r   of  t he   c e l l   were   r e l a t i v e l y   c l o s e   t o g e t h e r .  

We  d i s c o v e r e d   t h a t   S02  c o n d e n s a t i o n   on  t h e   u n d e r s i d e  

of  t h e   c o v e r   s o m e t i m e s   c a u s e d   s h o r t s   b e t w e e n   e l e c t r o d e s .  

To  p r e v e n t   t h i s   c o n d e n s a t i o n ,   t h e   top   c o v e r   was  h e a t e d  

to  35°C,   bu t   t he   c e l l   i t s e l f   and  the   c e l l   s o l u t i o n   w e r e  

no t   h e a t e d .  

For  c o m p a r i s o n   p u r p o s e s ,   t h e   e l e c t r o l y t e   of  t h i s  

c e l l   was  p r e p a r e d   w i t h o u t   t he   use   of  a  l i t h i u m   s a l t .  

One  c o m p l e t e   c y c l e   c o m p r i s e s   a  d i s c h a r g e   p e r i o d   of  a p p r o x i -  

m a t e l y   30  m i n u t e s ,   a  3  m i n u t e s   p e r i o d   a t   open   c i r c u i t ,  

and  a  c h a r g e   p e r i o d   of  30  m i n u t e s .   O t h e r   r e l e v a n t   c e l l  

c o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   a r e   c o n t a i n e d   i n  

T a b l e s   IV  and  V  b e l o w .  

The  f o l l o w i n g   n o t a t i o n s   we re   e m p l o y e d   in  T a b l e   IV 

and  s u b s e q u e n t   t a b l e s :   M n ( 2 , 2 ' - d i p y r i d y l ) 3 ( C I 0 4 ) 2   s u p p o r t i n g  

e l e c t r o l y t e   s a l t   i s  d e n o t e d   TByMnClO4;  

M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 ( C l O 4 ) 2   i s   d e n o t e d   T P h M n C l O 4 ) ;  
the   c u r r e n t   d e n s i t i e s   l i s t e d   a r e   f o r   b o t h ,  t h e   c h a r g e  

and  d i s c h a r g e   p o r t i o n s   of  e a c h   c y c l e ;   " L i C l O 4   S a t ' n   %" 

r e f e r s   to  t he   d e g r e e   ( p e r c e n t a g e )   of  s a t u r a t i o n   b r o u g h t  

a b o u t   by  t h e   a d d i t i o n   of  t he   l i t h i u m   s a l t   to  t he   e l e c t r o l y t e  



s o l u t i o n ;   and  t h e   e f f i c i e n c i e s   r e f e r   to  p l a t i n g   e f f i c i e n c i e s  

b a s e d   upon  the   a s s u m p t i o n   t h a t   t he   o n l y   m e c h a n i s m   b y  

w h i c h   the   a m o u n t   of  a v a i l a b l e   l i t h i u m   was  r e d u c e d   w a s  

p a r t i a l   i r r e v e r s i b i l i t y   of  d i s c h a r g e   p r o d u c t   f o r m a t i o n .  

As  n o t e d ,   t h e   c e l l   of  E x a m p l e   II  had  no  LiClO4  a d d e d  

to  i t .   In  o p e r a t i o n ,   t he   a n o d e   of  t h i s   c e l l   was  o b s e r v e d  

to  d e t e r i o r a t e   r a p i d l y ;   t h u s ,   t h e   a n o d e   b e g a n   to  c o r r o d e  

and  to  d i s s o l v e   a f t e r   o n l y   a  few  c y c l e s .   The  a n o d e   w a s  

a l m o s t   c o m p l e t e l y   c o n s u m e d   and  c e l l   b r e a k d o w n   o c c u r r e d  

b e f o r e   one  t u r n o v e r .  

EXAMPLES  I I I - V I  

The  c e l l s   we re   c o n s t r u c t e d   s u b s t a n t i a l l y   in  a c c o r d  

w i t h   t h e   p r o c e d u r e s   of  E x a m p l e   II  w i t h   t he   f o l l o w i n g  

e x c e p t i o n s :  

(1)  An  a d d i t i o n a l   p u r i f i c a t i o n   s t e p   was  a d d e d   i n  

the   p r e p a r a t i o n   of  p u r i f i e d   SO2.  The  g a s e o u s   SO2  w a s  

f i r s t   b u b b l e d   t h r o u g h   a  g l a s s   co lumn  c o n t a i n i n g   g l a s s  

wool  and  H2S04  b e f o r e   p r o c e e d i n g   to  t he   g l a s s   w o o l / P 2 0 5  
c o l u m n .   T h i s   was  i n t e n d e d  t o   h e l p   r emove   any  S03  p r e s e n t .  

(2)  L i t h i u m   p e r c h l o r a t e   was  added   to  e a c h   c e l l   t o  

p r o d u c e   i n c r e a s i n g   L iClO4  c o n c e n t r a t i o n s .   Thus ,   a  c e l l  

c o u l d   be  made  w h i c h   was  l e s s   t h a n   100%  s a t u r a t e d   i n  

L i C l 0 4   by  a d j u s t i n g   the   c o n c e n t r a t i o n   of  a  s u p p o r t i n g  

e l e c t r o l y t e   s a l t   w h i c h   p r o v i d e d   a d d i t i o n a l   p e r c h l o r a t e  

a n i o n .   S p e c i f i c a l l y ,   the   c e l l   of  E x a m p l e   I I I   was  f i r s t  

s a t u r a t e d   in  L i C l O 4 .   All   e x c e s s   u n d i s s o l v e d   L iClO4  w a s  

t h e n   r e m o v e d   f rom  t h e   c e l l   and  s u f f i c i e n t   s u p p o r t i n g  

e l e c t r o l y t e   s a l t   was  a d d e d   to  b r i n g   t he   L i C l O 4   c o n c e n t r a t i o n  

to  30%  s a t u r a t e d .   The  c e l l   of  Example   IV  was  a p p r o x i m a t e l y  

100%  s a t u r a t e d ,   bu t   no  s o l i d   e x c e s s   L iC lO4   r e m a i n e d   i n  

t he   b o t t o m   of  t h e   c e l l .   A c c o r d i n g l y ,   w h i l e   e n o u g h   L i C l O 4  
was  a d d e d   to  t he   c e l l   of  E x a m p l e   IV  s u b s t a n t i a l l y   t o  

s a t u r a t e   the   s o l u t i o n ,   a c t u a l   s a t u r a t i o n   c o u l d   no t   b e  

c o n f i r m e d   w i t h   c e r t a i n t y .   S u f f i c i e n t   L iC lO4   was  a d d e d  

to  t he   c e l l s   of  E x a m p l e s   V  and  VI  r e s p e c t i v e l y ,   to  p r o d u c e  

an  e x c e s s   of  s o l i d   L iClO4  in  t he   b o t t o m   of  t h e   c e l l .  

The  a c t u a l   a m o u n t s   of  s u p p o r t i n g   e l e c t r o l y t e   s a l t   a n d  



L i C l O 4  p l a c e d   in  t h e   p u r i f y i n g   c e l l   and  b a t t e r y   c e l l   i n  

each   E x a m p l e   a r e   n o t e d   in  T a b l e   V  b e l o w .  

(3)  Each  c e l l   was  s t i r r e d   w i t h   a  m a g n e t i c   s t i r r e r  

d u r i n g   o p e r a t i o n .  

C o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   a r e   l i s t e d   i n  

T a b l e s   IV  and  V  b e l o w .  

EXAMPLES  V I I  

As  r e g a r d s   t h e   p r e p a r a t i o n   of  t h e   s u p p o r t i n g   e l e c -  

t r o l y t e   s a l t ,   t h e   g e n e r a l   p r o c e d u r e   f o r   p r e p a r i n g  

M n ( I , 1 0 - p h e n a n t h r o l i n e ) 3 ( C l 0 4 ) 2   was  as  f o l l o w s :   1000  ml  

of  w a t e r   were   m i x e d   w i t h   1 . 7 0 g   of  MnSO4·H2O  and  6 . 0 0 g  

of  1 , 1 0 - p h e n a n t h r o l i n e · H 2 O   in  a  2 - l i t e r   b e a k e r   and  h e a t e d  

to  50°C  w i t h   s t i r r i n g .   A f t e r   a l l   t he   i n g r e d i e n t s   h a d  

been   d i s s o l v e d ,   2 . 2 0 g   of  LiClO4  were   a d d e d .   S t i r r i n g  

was  c o n t i n u e d   bu t   t he   h e a t   was  t u r n e d   o f f .   As  c r y s t a l s  

b e g a n   to  f o rm ,   n i t r o g e n   was  b lown  o v e r   t h e   s o l u t i o n .  

The  M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 ( C l O 4 ) 2   c r y s t a l s   w e r e  

f i l t e r e d ,   c o l l e c t e d   and  d r i e d   in  a  vacuum  a t   180°C  f o r  

2-4   h o u r s .   [ T h i s   p r o c e d u r e   was  a d a p t e d   f rom  J.  I n o r g .  

N u c l .   Chem.  9,  211  ( 1 9 5 9 ) . ]  

Al l   o t h e r   a s p e c t s   of  t he   c e l l   we re   s u b s t a n t i a l l y  

i d e n t i c a l   to  E x a m p l e   I I .   For  c o m p a r i s o n   p u r p o s e s ,   n o  

L i C l O 4  w a s   a d d e d   to  the   e l e c t r o l y t e .   C o m p o s i t i o n   a n d  

p e r f o r m a n c e   d e t a i l s   a r e   c o n t a i n e d   in  T a b l e s   VI  and  V I I  

b e l o w .  

EXAMPLES  V I I I   AND  IX 

The  s u p p o r t i n g   e l e c t r o l y t e   s a l t s   were   p r e p a r e d   a s  

in  E x a m p l e   VI I .   A l l   o t h e r   a s p e c t s   of  E x a m p l e   IX  w e r e  

p r e p a r e d   in  a c c o r d a n c e   w i t h   E x a m p l e s   I I I - V I .  

For  E x a m p l e   V I I I ,   h o w e v e r ,   a  s o l u t i o n   w h i c h   w a s  

l e s s   t h a n   100%  s a t u r a t e d   in  L iClO4  was  p r e p a r e d   s u b s t a n t i a l l y  

in  a c c o r d   w i t h   t he   me thod   e m p l o y e d   in  E x a m p l e   I I I   ( i . e . ,  

s a t u r a t i o n   f i r s t ,   f o l l o w e d   by  u n s a t u r a t i o n   t h r o u g h   the   a d -  

d i t i o n   of  s u p p o r t i n g   e l e c t r o l y t e   s a l t   w h i c h   p r o v i d e d  a d d i t i o n a l  

p e r c h l o r a t e   a n i o n ) .   F u r t h e r ,   an  a d d i t i o n a l   S02  p u r i f i c a t i o n  

s t e p   was  p e r f o r m e d .   A f t e r   l e a v i n g   t he   a c i d   and  P205  p u r i f y i n g  

c o l u m n s ,   t he   l i q u i d   S02  was  r o u t e d   to  a  v e s s e l   c o n t a i n i n g  

s t r i p s   of  l i t h i u m   f o i l   and  p r e s s u r i z e d   a t   t h e  



vapour  p r e s s u r e   of  SO2  at   a m b i e n t .   The  l i q u i d   S O 2  w a s  
k e p t   in  t h e   l i t h i u m - c o n t a i n i n g   v e s s e l   at   l e a s t   o v e r -  

n i g h t   p r i o r   to  u s e .   T h i s   s t e p   was  e x p e c t e d   to  h e l p  

remove   any  i m p u r i t i e s   t h a t   were   r e a c t i v e   w i t h   l i t h i u m .  

C o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   a re   c o n t a i n e d   i n  

T a b l e s   VI  and  VII  b e l o w .  





EXAMPLE  X 

The  g e n e r a l   p r o c e d u r e s   f o r   c e l l s   e m p l o y i n g   t e t r a - n -  

b u t y l   ammonium  p e r c h l o r a t e   (TBAClO4)  as  t h e   s u p p o r t i n g  

e l e c t r o l y t e   s a l t   were   t he   f o l l o w i n g :  

A.  E l e c t r o l y t e   P r e p a r a t i o n .  

" E l e c t r o m e t r i c   g r a d e "   TBAClO4  was  p u r c h a s e d   c o m m e r -  

c i a l l y   and  v a c u u m   d r i e d   f o r   a t   l e a s t   t h r e e   d a y s .   For  t w o  

of  t h e   t h r e e   d a y s ,   t h e   TBAClO4  was  h e a t e d   o v e r   a  b o i l i n g  

w a t e r   b a t h .   The  d r i e d   TBAClO4  was  k e p t   s t o r e d   in  a n  

a r g o n   g l o v e   b o x .  

L i t h i u m   p e r c h l o r a t e   was  d r i e d   on  a  vacuum  r a c k   w i t h  

a  d i f f u s i o n   pump  f o r   at  l e a s t   t h r e e   d a y s   a t   1 3 0 ° C .  

A f t e r w a r d s ,   t h e   L iC lO4   was  k e p t   in   an  a r g o n   g l o v e   b o x .  

The  m o i s t u r e   c o n t e n t   of  t he   TBAClO4  and  L i C l O 4   was  m e a -  

s u r e d   to  be  l e s s   t h a n   150  p p m .  

3 . 7 6 g   TBAC104  and  0 . 9 g   of  L iC lO4   were   p l a c e d  

in  an  e l e c t r o l y t e   c o n t a i n e r   in   t h e   g l o v e   box .   The  c o n -  

t a i n e r   was  c o n n e c t e d   to  an  S02  d i s t i l l a t i o n   l i n e   a n d  

s l o w l y   e v a c u a t e d .   D u r i n g   e v a c u a t i o n ,   t he   c o n t a i n e r   w a s  

i m m e r s e d   in  an  i s o p r c p a n o l - d r y   i c e   b a t h   and  b r o u g h t   t o  

- 5 0 ° C .  

The  l i n e   b e t w e e n   t h e   c o n t a i n e r   and  t h e   SO2  d i s t i l l a -  

t i o n   r a c k   was  e v a c u a t e d .   G a s e o u s   S02  was  t h e n   b u b b l e d  

t h r o u g h   a  c o n c e n t r a t e d   H2SO4  b a t h   a t   l e s s   t h a n   1  a tm.   a n d  

r o u t e d   t h r o u g h   a  F 2 O 5  d r y i n g   c o l u m n   and  i n t o   t he   e l e c t r o -  

l y t e   c o n t a i n e r .   The  e l e c t r o l y t e   c o n t a i n e r   was  b r o u g h t   t o ,  

and  m a i n t a i n e d   a t ,   - 6 0 ° C   d u r i n g   d i s t i l l a t i o n .   T h e  

S02  was  s h u t   o f f   w i t h   60  ml  of   SO2  in  t he   e l e c t r o -  

l y t e   c o n t a i n e r .   The  r e s u l t i n g   TBAClO4  c o n c e n t r a t i o n   w a s  

0 . 1 8   e q / 1 .  







B.  E l e c t r o d e  P r e p a r a t i o n .  

F i v e   to  t en   g l a s s   s l i d e s   w e r e   w a s h e d   s c r u b b e d   w i t h  

C h e m - s o l v ,   and  t h o r o u g h l y   r i n s e d .   An  1/2  i n c h   l e n g t h  

of  c o m m e r c i a l   l i t h i u m   f o i l   was  t h e n   p l a c e d   in  a  m o l y b d e n u m  

c o n t a i n e r   in  p r e p a r a t i o n   f o r   vacuum  v a p o u r   d e p o s i t i o n  

of  a  t h i n   l i t h i u m   f i l m   on  a  c l e a n   g l a s s   s l i d e .   D e p o s i t i o n  

was  c a r r i e d   ou t   a t   1 0  m b a r   vacuum  in  an  E d w a r d s   Co .  

vacuum  d e p o s i t i o n   a p p a r a t u s   (Model   E  306A)  f o r   f rom  3 0  

to  60  m i n u t e s .   O b v i o u s l y ,   f i l m   t h i c k n e s s   was  d e p e n d e n t  

upon  d e p o s i t i o n   t i m e .   The  d e p o s i t i o n   t ime   f o r   e a c h   e l e c -  

t r o d e   was  d e t e r m i n e d   by  t r i a l   and  e r r o r ;   v e r y   s h o r t   t i m e s  

y i e l d e d   f i l m s   t h a t   were   too   t h i n   f o r   good  c e l l   p e r f o r m a n c e .  

A f t e r   d e p o s i t i o n   was  c o m p l e t e ,   t h e   s l i d e   was  e x p o s e d  

to  a  m i x t u r e   of  o x y g e n   and  a r g o n   f o r   20  m i n u t e s   a t   a  

p r e s s u r e   of  0 . 3 4   a t m .  

The  r e s u l t i n g   g l a s s   s l i d e   c o a t e d   w i t h   a  t h i n   l i t h i u m  

f i l m   was  t h e n   w r a p p e d   at   one  end  w i t h   an  0 . 0 1   i n c h   t h i c k  

l i t h i u m   r i b b o n ;   f o l l o w e d   by  a  n i c k e l   r i b b o n   to  a c t   a s  

a  t a b   c o n n e c t o r .   The  s l i d e   was  t h e n   d i p p e d   in  wax  u n t i l  

b o t h   e n d s   we re   c o v e r e d   w i t h   wax,  l e a v i n g   e x p o s e d   a  

r e c t a n g l e   of  l i t h i u m   f i l m   1 .5   x  2 . 5   cm  in  s i z e .  

C.  C e l l   A s s e m b l y .  

I t   s h o u l d   be  s t r e s s e d  . t h a t   c l e a n l i n e s s   was  e s s e n t i a l .  

C l e a n ,   d ry   l a t e x   g l o v e s   ( w a s h e d   w e l l   w i t h   s o a p   and  w a t e r  

and  r i n s e d   w i t h   e t h a n o l )   and  f i l t e r   masks   were   u s e d   a t  

a l l   t i m e s   in  a s s e m b l i n g   t he   c e l l   and  h a n d l i n g   t he   g l a s s  

s l i d e   a n o d e .   Care   was  a l s o   t a k e n   to  a v o i d   c r o s s   c o n t a m i n a -  

t i o n   due  to  u n c l e a n   t o o l s   or  i m p r o p e r   w a s h i n g .   A l l  

a s s e m b l y   was  p e r f o r m e d   in  a  d r y - r o o m   ( l e s s   t h a n   1%  r e l a t i v e  

h u m i d i t y ) .  

The  l i t h i u m   a n o d e ,   c a r b o n   c u r r e n t   c o l l e c t o r   and  a n y  

r e f e r e n c e   e l e c t r o d e s   t h a t   we re   u s e d   were   i n s e r t e d   i n t o  

s t a i n l e s s   s t e e l  f e e d   t h r o u g h s   in  t h e   p o l y p r o p y l e n e   t o p  

of  a  g l a s s   c e l l   c y l i n d e r .   A  s t a i n l e s s   s t e e l   f i l l   t u b e  

e x t e n d e d   t h r o u g h   the   top   of  t he   c e l l   to  b e n e a t h   t he   e l e c -  

t r o l y t e   l e v e l .   The  e l e c t r o l y t e   c o n t a i n e r   and  c e l l   w e r e  

t h e n   c o n n e c t e d ,   and  the   c o n n e c t i n g   l i n e   b e t w e e n   them  w a s  



r e p e a t e d l y   e v a c u a t e d   a n d  f l u s h e d   w i t h   a r g o n .   The  v a l v e  

b e t w e e n   t he   e l e c t r o l y t e   c o n t a i n e r   and  t h e   c e l l   was  s l o w l y  

o p e n e d   to  t r a n s f e r   t h e   e l e c t r o l y t e   i n t o   t h e   c e l l .   When 

a l l   of  t h e   e x p o s e d   p o r t i o n   of  t he   l i t h i u m   f i l m   on  t h e  

a n o d e   was  c o v e r e d   w i t h   e l e c t r o l y t e ,   t h e   f i l i n g   was  c o m -  

p l e t e .  

I t   s h o u l d   be  n o t e d   t h a t   no  s t i r r i n g   of  t h e   e l e c t r o l y t e  

or  c e l l   was  e f f e c t e d   in  o r d e r   to  d i s s o l v e   t h e   L i C l 0 4   s a l t .  

In  t h i s   e x a m p l e ,   two  l i t h i u m   e l e c t r o d e s   on  g l a s s   s l i d e s  

we re   p r e p a r e d   s i m u l t a n e o u s l y .   The  SO2/TBAClO4  e l e c t r o l y t e  

was  p r e p a r e d   3  d a y s   p r i o r  t o   u s e .   D u r i n g   o p e r a t i o n ,   b o t h  

l i t h i u m   e l e c t r o d e s   and  a  c a r b o n   (15%  T e f l o n ®  7 C ,   85% 

S h a w i n i g a n   B l a c k )   e l e c t r o d e   were   i n s e r t e d   i n t o   t h e   e l e c -  

t r o l y t e .   The  c e l l   was  t h e n   c y c l e d   t h r o u g h   n u m e r o u s  

c h a r g e   d i s c h a r g e   c y c l e s   w i t h   e a c h   l i t h i u m   e l e c t r o d e   b e i n g  

c y c l e d   v e r s u s   t h e   o t h e r   l i t h i u m   e l e c t r o d e .   The  c a r b o n  

e l e c t r o d e   was  u s e d   o n l y   as  a  r e f e r e n c e   e l e c t r o d e   a g a i n s t  

w h i c h   t h e   o p e n  c i r c u i t   v o l t a g e   (OCV)  m e a s u r e m e n t s   w e r e  

t a k e n .  

C o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   of  t h i s   c e l l  

a r e   c o n t a i n e d   in  T a b l e   V I I I   b e l o w .   The  same  a s s u m p t i o n  

and  d e f i n i t i o n s   r e g a r d i n g   e f f i c i e n c y   and  t u r n o v e r s   m a d e  

in  T a b l e s   IV  and  VI  a l s o   p e r t a i n   to  T a b l e   V I I I .  

EXAMPLE  XI 

The  c e l l   c o m p o n e n t s   were   p r e p a r e d   in  a c c o r d   w i t h   t h e  

m e t h o d   of  E x a m p l e   X.  4 . 1 g  o f   TBAC10.  and  0 . 3 2 g   of  L i C l O 4  

w e r e   a d d e d   to  60  ml  of  S02  to  form  t he   e l e c t r o l y t e   in   t h e  

e l e c t r o l y t e   c o n t a i n e r .   0 . 5 g   of  a d d i t i o n a l   L i C l O 4   w a s  

a d d e d   to  t h e   b a t t e r y   c e l l   p r i o r   to  f i l l i n g .   S u f f i c i e n t  

L i C l 0 4   was  p r e s e n t   in  t he   c e l l   s u b s t a n t i a l l y   to  s a t u r a t e  

t h e   c e l l   s o l u t i o n .   The  e l e c t r o l y t e   was  m e c h a n i c a l l y  

s t i r r e d   f o r   63  h o u r s   p r i o r   to  f i l i n g   t he   c e l l ,   bu t   t h e  

c e l l   i t s e l f   was  no t   s t i r r e d   a f t e r   f i l i n g .   One  l i t h i u m  

a n o d e   on  g l a s s   and  two  c a r b o n   e l e c t r o d e s   w e r e   i n s e r t e d   i n t o  

t h e   c e l l .   Al l   c y c l i n g   was  done  b e t w e e n   t he   l i t h i u m   a n o d e  



and  a  c a r b o n   c u r r e n t   c o l l e c t o r .   A f t e r   246  c y c l e s ,   t h e  

c e l l   f a i l e d   f rom  d e t e r i o r a t i o n   of  t h e   l i t h i u m   a n o d e .  

C o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   a r e   s u m m a r i z e d   i n  

T a b l e   V I I I   b e l o w .  

EXAMPLE  X I I  

The  c e l l   c o m p o n e n t s   were   p r e p a r e d   in  a c c o r d  

w i t h   t he   m e t h o d   of  E x a m p l e   X.  6 . 8 4 g   of  TBAClO4  and  1 . 5 g  

of  L iClO4  were   a d d e d   to  100  ml  of  S02  in  t h e   e l e c t r o l y t e  

c o n t a i n e r   to  fo rm  t he   e l e c t r o l y t e .   No  a d d i t i o n a l   L i C l O 4  
was  a d d e d   to  t h e   c e l l .   S u f f i c i e n t   L i C l 0 4   was  p r e s e n t  
in  t h e   c e l l   s u b s t a n t i a l l y   to  s a t u r a t e   t he   c e l l   s o l u t i o n .  

The  e l e c t r o l y t e   was  u l t r a s o n i c a l l y   s t i r r e d   f o r   1  h o u r  

p r i o r   to  f i l i n g   t h e   c e l l   and  the   u l t r a s o n i c   s t i r r i n g  

was  c o n t i n u e d   d u r i n g   c y c l i n g .   To  c o m p e n s a t e   f o r   h e a t i n g  

e f f e c t s   c a u s e d   by  the   u l t r a s o n i c   s t i r r i n g ,   t he   c e l l   w a s  

m a i n t a i n e d   in  a  c o o l i n g   b a t h   a t   20°C.   Al l   c y c l i n g   w a s  

p e r f o r m e d   b e t w e e n   the   l i t h i u m   a n o d e   and  a  c a r b o n   c u r r e n t  

c o l l e c t o r .   A f t e r   456  c y c l e s ,   t he   c e l l   f a i l e d   f r o m  

d e t e r i o r a t i o n   of  t h e   a n o d e .   C o m p o s i t i o n   and  p e r f o r m a n c e  

d e t a i l s   a r e   s u m m a r i z e d   in  T a b l e   V I I I  b e l o w .  

EXAMPLE  X I I I  

The  c e l l   c o m p o n e n t s   were   p r e p a r e d   in  a c c o r d  

w i t h   t he   m e t h o d   of  Example   X.  2 . 7 3 g   of  TBAClO4  and  O . l l g  

of  L iClO4   we re   a d d e d   to  40  ml  of  S02  in  t h e   e l e c t r o l y t e  

c o n t a i n e r  t o   fo rm  t he   e l e c t r o l y t e .   No  a d d i t i o n a l   L i C l O 4  
was  a d d e d   to  t h e   c e l l .   For  c o m p a r i s o n   p u r p o s e s ,   t h e  

q u a n t i t y   of  L i C l 0 4   p r e s e n t   was  no t   s u f f i c i e n t   to  s a t u r a t e  

t h e   c e l l   s o l u t i o n .   The  e l e c t r o l y t e   was  m e c h a n i c a l l y  

s t i r r e d   f o r   20  h o u r s   p r i o r   to  f i l l i n g   t h e   c e l l ;   t he   c e l l  

i t s e l f   was  no t   s t i r r e d   a f t e r   f i l l i n g .   Al l   c y c l e s   w e r e  

p e r f o r m e d   b e t w e e n   t he   l i t h i u m   a n o d e   and  a  c a r b o n   c u r r e n t  

c o l l e c t o r .   As  e x p e c t e d ,   the   u n s a t u r a t e d   e l e c t r o l y t e  

p e r f o r m e d   p o o r l y ;   the   c e l l   f a i l e d   due  to  d e t e r i o r a t i o n  

of  t he   a n o d e   a f t e r   104  c y c l e s   ( l e s s   t h a n   one  t u r n o v e r ) .  

C o m p o s i t i o n   and  p e r f o r m a n c e   d e t a i l s   a r e   s u m m a r i z e d   i n  



T a b l e   V I I I   b e l o w .  

Some  o b s e r v a t i o n s   a r e   n o t e w o r t h .   In  g e n e r a l ,   c e l l s  

u n s a t u r a t e d   in  l i t h i u m   p e r c h l o r a t e   f a i l e d   more  r a p i d l y  

t h a n   s a t u r a t e d   c e l l s   a l t h o u g h   some  c y c l i n g   was  a c c o m p l i s h e d .  

In  a d d i t i o n ,   i t   a p p e a r s   t h a t   t h e   c e l l s   of  E x a m p l e s   XI  

and  XII  d i d   no t   p e r f o r m   as  w e l l   as  t h e   c e l l   of  E x a m p l e  

X,  a l t h o u g h   a l l   t h r e e   were   s u b s t a n t i a l l y   s a t u r a t e d   i n  

L i C l O 4 .  
The  l o w e r   p e r f o r m a n c e   of  E x a m p l e s   XI  and  XII   i s  

b e l i e v e d   to  be  due  to  t he   p r e s e n c e   of  w a t e r .   M e a s u r e m e n t s  

p e r f o r m e d   a f t e r   t he   c e l l   had  f a i l e d   i n d i c a t e d   t h a t   t h e  

LiClO4  u s e d   in  t h e s e   c e l l s   c o n t a i n e d   274  ppm  of  H 2 0 .  
T h i s   w a t e r ,   when  c o m b i n e d   w i t h   e s t i m a t e s   of  t h e   w a t e r  

c o n t e n t   of  t h e   TBAC10.  and  SO2,  y i e l d s   an  e s t i m a t e   o f  

2 .5   x  1 0 - 5   m o l e s   of  H20  in  t he   e l e c t r o l y t e .   As  l i t h i u m  

e l e c t r o d e   t y p i c a l l y   c o n t a i n e d   4  x  1 0 - 5   m o l e s   of  l i t h i u m ,  

a  w a t e r   c o n t e n t   as  h i g h   as  10 -5   m o l e s   c o u l d   have   c a u s e d  

a  s i g n i f i c a n t   l o s s   of  l i t h i u m   f rom  t h e   s u r f a c e   of  t h e  

a n o d e .  

In  a d d i t i o n ,   as  p r e v i o u s l y   n o t e d ,   i n c r e a s i n g   t h e  

c o n c e n t r a t i o n   of  t he   p e r c h l o r a t e   s u p p o r t i n g   e l e c t r o l y t e  

s a l t   s e r v e d   to  i n c r e a s e   t h e   s a t u r a t e d   c o n c e n t r a t i o n   o f  

t he   l i t h i u m   p e r c h l o r a t e .   As  b o t h   s a l t s   have   t he   s a m e  

a n i o n ,   t h i s   r e s u l t   i s   a n o m a l o u s   and  i s   no t   f u l l y   u n d e r s t o o d .  

N e v e r t h e l e s s ,   t h i s   e f f e c t  c a n   b e  u t i l i z e d   to  a d j u s t   t h e  

s o l u b i l i t y   of  t h e   l i t h i u m   p e r c h l o r a t e .   In  s h o r t ,   i t  

i s   p o s s i b l e   to  a d j u s t   t he   s a t u r a t e d   c o n c e n t r a t i o n   o f  

t h e   l i t h i u m   p e r c h l o r a t e   t h r o u g h   an  a d j u s t m e n t   of  t h e  

p e r c h l o r a t e   s u p p o r t i n g   e l e c t r o l y t e   s a l t   c o n c e n t r a t i o n .  





1.  A  m e t h o d   of  m o d i f y i n g   t h e   s o l u b i l i t y   of  a  

l i t h i u m   s a l t   in  a  n o n - a q u e o u s   s o l v e n t   s y s t e m   w h i c h   c o m p r i -  

s e s   d i s s o l v i n g   t h e   l i t h i u m   s a l t   and  a  s o l u b i l i t y - m o d i f y i n g  

a d d i t i v e   in  t he   s o l v e n t   s y s t e m ,   c h a r a c t e r i s e d   in  t h a t  

s a i d   s o l v e n t   s y s t e m   c o m p r i s e s   a  m a j o r   p r o p o r t i o n   of  s u l f u r  

d i o x i d e ;   in  t h a t   t h e   a m o u n t   of  s a i d   l i t h i u m   s a l t   i s   i n  

e x c e s s   of  t he   a m o u n t   w h i c h   i s   s o l u b l e   in  t h e   s o l v e n t  

s y s t e m   in  t he   a b s e n c e  o f  s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e ,  

t he   a m o u n t   of  s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   b e i n g  

e f f e c t i v e   t o  i n c r e a s e   t he   s o l u b i l i t y   of  s a i d   l i t h i u m   s a l t ;   and  

in  t h a t   s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   c o m p r i s e s  .  

a  s a l t   w h i c h   c o n t a i n s   a t   l e a s t   one  c a t i o n   s e l e c t e d   f r o m  

the   g r o u p   c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,   q u a t e r n a r y  

ammonium  c a t i o n s   and  o r g a n i c   p h o s p h o n i u m   c a t i o n s .  

2.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   the   a m o u n t   of  s a i d   l i t h i u m   s a l t  

i s   e f f e c t i v e   s u b s t a n t i a l l y   to  s a t u r a t e   t h e   s o l v e n t   s y s t e m  

in  t h e   p r e s e n c e   of  s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e .  

3.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   the   a m o u n t   of  s a i d   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   i s   e f f e c t i v e   a t   l e a s t   to  d o u b l e   t h e  

s o l u b i l i t y   of  s a i d   l i t h i u m   s a l t .  

4.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   s o l v e n t   s y s t e m   i s   s u b s t a n t i a l l y  

p u r e   s u l f u r   d i o x i d e .  

5.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

has   a  s o l u b i l i t y   in  s a i d   s o l v e n t   s y s t e m   a t   t h e   t e m p e r a t u r e  

and  p r e s s u r e   of  u se   of  a t   l e a s t   0 .1   e q u i v a l e n t   pe r   l i t e r .  



6.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   l i t h i u m   s a l t   and  s a i d   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   c o n t a i n   a  common  a n i o n .  

7.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   c a t i o n   i s   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  M n ( 2 , 2 ' - d i p y r i d y l ) 3 + +   a n d  

M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 + + .  

8.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

i s   a  q u a t e r n a r y   ammonium  s a l t   of  t h e   f o r m u l a :  

w h e r e i n   R1,  R2,  R3  and  R4  a r e   i n d e p e n d e n t l y   s e l e c t e d  

f rom  t h e   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s   of  f r o m  

1  to  20  c a r b o n   a t o m s ,   and  X  is   s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  p e r c h l o r a t e , . t e t r a f l u o r o b o r a t e ,   h e x a f l u o r o -  

p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,   p h o s p h a t e ,   c h l o r i d e ,  

b r o m i d e ,   i o d i d e   and  f l u o r i d e .  

9.  A  m e t h o d   as   s e t   f o r t h   in  C l a i m   8,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   R1,  R2,  R   and  R   a r e   i n d e p e n d e n t l y  

s e l e c t e d   f rom  t he   g r o u p   c o n s i s t i n g   of  a l k y l   g r o u p s   o f  

f r o m  l t o   10  c a r b o n   a t o m s ,   and  X   i s   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,  

h e x a f l u o r o p h o s p h a t e ,   d i t h i o n i t e   and  s u l f a t e .  

10.  A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   said  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

i s   a  p h o s p h o n i u m   s a l t   of  t he   f o r m u l a :  



w h e r e i n   R1,  R2,  R3  and  R4  a r e   i n d e p e n d e n t l y   s e l e c t e d   f r o m  

the   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s   c o n t a i n i n g  

f rom  1  to   20  c a r b o n   a t o m s ,   and  X  i s   s e l e c t e d   f rom  t h e  

g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,   h e x a -  

f l u o r o p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,   p h o s p h a t e ,   c h l o r i d e ,  

b r o m i d e ,   i o d i d e   and  f l u o r i d e .  

l l .   A  m e t h o d   as  s e t   f o r t h   in  C l a i m   1,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   l i t h i u m   s a l t   i s   s e l e c t e d   f r o m  

t h e   g r o u p   c o n s i s t i n g   of  l i t h i u m   p e r c h l o r a t e ,   l i t h i u m  

d i t h i o n i t e ,   l i t h i u m   s u l f a t e ,   l i t h i u m   t e t r a f l u o r o b o r a t e .  

and  l i t h i u m   h e x a f l u o r o p h o s p h a t e .  

12.  The  c o m p o s i t i o n   p r e p a r e d   by  t h e   p r o c e s s   w h i c h  

c o m p r i s e s   d i s s o l v i n g   a  l i t h i u m   s a l t   and  a  s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   in  a  n o n - a q u e o u s   s o l v e n t   s y s t e m ,  
c h a r a c t e r i s e d   in  t h a t  s a i d   s o l v e n t   s y s t e m   c o m p r i s e s   a  

m a j o r   p r o p o r t i o n   of  s u l f u r  d i o x i d e ,   in  t h a t   t he   a m o u n t  

of  s a i d   l i t h i u m   s a l t   i s   in  e x c e s s   of  t h e   a m o u n t   w h i c h  

i s   s o l u b l e   in  t h e   s o l v e n t   s y s t e m   in  t he   a b s e n c e   o f  

s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e ,   t he   a m o u n t   of  s a i d  

s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   b e i n g   e f f e c t i v e   to  i n c r e a s e  

t h e   s o l u b i l i t y   of  s a i d   l i t h i u m   s a l t ;   and  in  t h a t   s a i d  

s o l u b i l i t y - m o d i f y i n g   a d d i t i v e   c o m p r i s e s   a  s a l t   w h i c h  

c o n t a i n s   a t   l e a s t   one  c a t i o n   s e l e c t e d   f rom  t h e   g r o u p  

c o n s i s t i n g   of  m e t a l   c a t i o n   c o m p l e x e s ,   q u a t e r n a r y  

ammonium  c a t i o n s   and  o r g a n i c   p h o s p h o n i u m   c a t i o n s .  



13.  A  c o m p o s i t i o n   as  s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   t he   amoun t   of  s a i d   l i t h i u m   s a l t  

i s   e f f e c t i v e   s u b s t a n t i a l l y   to  s a t u r a t e   t he   s o l v e n t  

s y s t e m   in  t he   p r e s e n c e   of  s a i d   s o l u b i l i t y - m o d i f y i n g  

a d d i t i v e .  

14.  A  c o m p o s i t i o n   as  s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   t he   a m o u n t   of  s a i d   s o l u b i l i t y -  

m o d i f y i n g   a d d i t i v e   i s   e f f e c t i v e   to  a t   l e a s t   d o u b l e  

t h e   s o l u b i l i t y   of  s a i d   l i t h i u m   s a l t .  

15.  A  c o m p o s i t i o n   as  s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   s o l v e n t   s y s t e m   i s   s u b s t a n t i a l l y  

p u r e   s u l f u r   d i o x i d e .  

16.  A  c o m p o s i t i o n   as  s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   c a t i o n   i s   s e l e c t e d   f r o m  

t h e   g r o u p   c o n s i s t i n g   of  M n ( 2 , 2 ' - d i p y r i d y l ) 3 + +   a n d  

M n ( 1 , 1 0 - p h e n a n t h r o l i n e ) 3 + + .  

17.  A  c o m p o s i t i o n   as  s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d  s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

i s   a  q u a t e r n a r y   ammonium  s a l t   of  t h e   f o r m u l a :  

w h e r e i n   RI,   R2,  R 3  a n d   R4  a r e   i n d e p e n d e n t l y   s e l e c t e d  

f rom  t h e   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s   o f  

f rom  1  to  20  c a r b o n   a t o m s ,   and  X  i s   s e l e c t e d   f r o m  

t h e   g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,   t e t r a f l u o r o b o r a t e ,  

h e x a f l u o r o p h o s p h a t e ,   d i t h i o n i t e ,   s u l f a t e ,   p h o s p h a t e ,  

c h l o r i d e ,   b r o m i d e ,   i o d i d e   and  f l u o r i d e .  



18.  A  c o m p o s i t i o n   as  s e t   f o r   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   s o l u b i l i t y - m o d i f y i n g   a d d i t i v e  

i s   a  p h o s p h o n i u m   s a l t   of  t he   f o r m u l a :  

w h e r e i n   RI,  R2,  R3  and  R4  a r e   i n d e p e n d e n t l y   s e l e c t e d  

f rom  the   g r o u p   c o n s i s t i n g   of  h y d r o c a r b y l   g r o u p s  

c o n t a i n i n g   f rom  1  to  20  c a r b o n   a t o m s ,   and  X  i s  

s e l e c t e d   f rom  t h e   g r o u p   c o n s i s t i n g   of  p e r c h l o r a t e ,  

t e t r a f l u o r o b o r a t e ,   h e x a f l u o r o p h o s p h a t e , d i t h i o n i t e ,  

s u l f a t e ,   p h o s p h a t e ,   c h l o r i d e ,   b r o m i d e ,   i o d i d e   a n d  

f l u o r i d e .  

19.  A  c o m p o s i t i o n   as   s e t   f o r t h   in  C l a i m   12,  f u r t h e r  

c h a r a c t e r i s e d   in  t h a t   s a i d   l i t h i u m   s a l t   i s   s e l e c t e d  

f rom  t he   g r o u p   c o n s i s t i n g   of  l i t h i u m   p e r c h l o r a t e ,  

l i t h i u m   d i t h i o n i t e ,   l i t h i u m   t e t r a f l u o r o b o r a t e   a n d  

l i t h i u m   h e x a f l u o r o p h o s p h a t e .  

20.  An  e l e c t r o c h e m i c a l   c e l l   c h a r a c t e r i s e d   b y  

(a)   a  l i t h i u m   a n o d e ;  

(b)  a  p o s i t i v e   e l e c t r o d e   c u r r e n t   c o l l e c t o r ;   a n d  

(c)  an  e l e c t r o l y t e   w h i c h   c o m p r i s e s   a  c o m p o s i t i o n  

a c c o r d i n g   to  any  of  C l a i m s   12  to  1 9 .  
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